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EDITORIAL 


On privilege 


his editorial is my last contribution in my role 
as Editor-in-Chief of the Science family of jour- 
nals. I have had a front-row seat to learning 
about often astounding research across many 
disciplines. And I have overseen efforts at three 
mature journals and helped develop or launch 
three new ones. As I take stock of this tremen- 
dous opportunity, I have been reflecting on the charac- 
teristics of privilege, in science and in life. 

I grew up on a college campus where my father 
was a mathematics professor and my mother was a 
physician involved in research. This provided me 
with encouragement for academic pursuits and ac- 
cess to many resources. I greatly appreciated this 
atmosphere, but it was when I started college that I 
remember first articulating an important aspect of my 
privilege. I realized that my 
fellow students were intimi- 
dated by faculty members 
and said to my roommate, 
“It’s hard to be too afraid 
when you've seen the famous 
professor down the street 
shoveling dog poop off his 
lawn.” This seemingly trivial 
privilege had huge conse- 
quences. Early in my fresh- 
man year, I reached out to 
an assistant professor about 
potential opportunities in 
his laboratory. A month later, 
he invited me to help with a 
collaborative project, initially with menial tasks—trac- 
ing computer output onto plastic sheets—but it led to 
opportunities to learn about the project and to become 
assimilated into the laboratory environment. Over a 
short period of time, I was helping with other aspects 
of the research and handling my own project. More 
opportunities followed, as did authorship on research 
publications. My experience illustrates a central aspect 
of privilege—positive feedback loops. An initial advan- 
tage can lead to opportunities that, if capitalized on, 
can lead to additional ones. 

As a white male, I rarely had to deal with racism 
or sexism personally. I also did not have to face the 
antisemitism that my parents, particularly my mother, 


“| have had a front-row 
seat to learning 


about often astounding 
research across 
many disciplines. ” 


had to confront. My family was relatively secure fi- 
nancially. I did need to earn money to help with my 
education, but I never felt exposed—I had a safety net. 
Although my childhood had many positive aspects, it 
was not idyllic. Both my parents had mental health 
problems that often dominated their lives. I lived with 
the disruptions caused by these issues. I was fortunate 
to have a brother, 15 months my senior, who shoul- 
dered much of the burden of dealing with my parents’ 
needs, while I coped by spending time at neighbors’ 
houses and playing organized sports. Because of the 
privilege of this support, these adverse events helped 
me become self-reliant, learn on my own, and develop 
problem-solving skills. 

Over the past 3 years, I have worked with the edi- 
tors of the Science journals to break positive feedback 
loops that can narrow op- 
portunities more than is op- 
timal for science and society. 
We have strived to increase 
the diversity of our advisory 
boards in all dimensions. We 
have collected and analyzed 
data regarding the diversity 
of authors and reviewers and 
have acquired tools that can 
help track editorial decisions 
over time. By spreading op- 
portunities across a wider 
and more diverse set of in- 
dividuals with different life 
experiences and interests, we 
hope to strengthen the scientific enterprise now and 
moving into the future. 

This is very much a work in progress, and I am de- 
lighted that Holden Thorp, a colleague of many years, 
will bring his wide range of experiences and leader- 
ship to the Editor-in-Chief position. He joins a group 
of editors who take the responsibility of fairness and 
equity very seriously and are eager to create a more 
equitable future for science. Holden brings his own 
privileges to the position but also a longtime commit- 
ment to promoting diversity that equips him well to 
lead this team. 


—Jeremy Berg 


Jeremy Berg 
Editor-in-Chief, 
Science Journals. 
jberg@aaas.org 
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found nEgypt 


gyptian scientists said last week that they uncovered 
30 ancient sarcophagi near the Al-Asasif cemetery 
in Luxor, Egypt, reportedly the largest cache of coffins 
discovered in the country since the 19th century. 
The intricately painted coffins (above) date to about 
1000 B.C.E. and contain the well-preserved mummies 
of men, women, and children. The sarcophagi were 


Permafrost exports carbon 


CLIMATE SCIENCE | As it thaws from the 
effects of global warming, Arctic perma- 
frost is releasing more carbon than it 
absorbs from new plant growth—adding 
to the atmosphere’s burden and accelerat- 
ing climate change, researchers report 
this week. Scientists have warned that the 
frozen soil represents a ticking bomb, but 
until now, Arctic studies have been too lim- 
ited to predict when that shift would come. 
After pooling their observations from 
more than 100 Arctic field sites, scientists 
from the Permafrost Carbon Network 
estimated that permafrost released an 
average of 1.7 billion tons of carbon each 
winter from 2003 to 2017—double past 
estimates, they write in Nature Climate 
Change. Meanwhile, during the summer 
growing season, other surveys have found 
that the landscape absorbs only 1 billion 
tons—leaving an average of more than 
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600 million tons of carbon to escape to 
the atmosphere each year. The study 
remains limited by the paucity of Arctic 
observations; the overall uncertainty of 
Arctic winter emissions, for example, 

is plus or minus 813 million tons, nearly 
half the total emissions. The study 

also found no rise in emissions since 2003. 


Reversal on Alzheimer’s drug 


CLINICAL RESEARCH | Shocking inves- 
tors and scientists, drugmaker Biogen 
said it will ask the U.S. Food and Drug 
Administration to approve aducanumab, 
an Alzheimer’s drug candidate that the 
company said had failed in March. On 

22 October, Biogen said a new analysis 
of two clinical trials that studied patients 
with early-stage Alzheimer’s disease 
showed that the drug significantly slowed 
clinical decline, primarily in those receiv- 
ing the higher of two doses. The company 


stacked in two layers and buried in sand rather than tucked 
into tombs—an unusual funerary ritual that may have kept 
them safe from looters. Future research on the mummies 
could reveal new information about the identities and health 
of elite Egyptians during the Third Intermediate Period, 

a time of political fragmentation after an age of expansion 
during the New Kingdom. 


said its March decision to abruptly end the 
trials was based on an interim analysis 

of results from 1748 trial subjects who took 
the drug for 18 months, which suggested 

it was unlikely to benefit patients; the 

new analysis included 2066 such patients. 
Aducanumab targets brain deposits of 

the protein beta-amyloid; several other 
drugs targeting beta-amyloid have been 
dropped by their developers. 


House panel backs integrity bill 


PoLitics | A 3-year effort to enact 
stronger protections for federal scientists 
against political interference took a big 
step forward last week, after Democratic 
sponsors of the bill struck a deal with 
Republicans. The science committee of 
the U.S. House of Representatives voted 
25 to six to advance the Scientific 
Integrity Act, which would require 

some two dozen federal research 
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agencies to develop and follow such rules. 
Republicans saw the measure as an attack 
on the policies of President Donald Trump, 
whereas Democrats insisted that they were 
simply trying to ensure that federal sci- 
entists could pursue important research, 
publish the results, and discuss their find- 
ings at scientific conferences and with 

the public. The key compromise dropped 
language requiring agencies to allow 
scientists to talk freely to the media and 
instead gave individual agencies leeway 

to set guidelines. A companion bill is 
languishing in the Senate. 


Space radiation mission ends 


SPACE WEATHER | A NASA mission that 
explored the Van Allen belts—rings of 
charged particles trapped by Earth’s 
magnetic field—ended its 7-year run last 
week. The second of the two Van Allen 
Probes ran out of fuel and was turned 

off, after its sister instrument ceased 
operations in July. The mission helped 
scientists discover many properties of 

the inner and outer belts, which protect 
Earth’s atmosphere by capturing damag- 
ing, high-speed particles from the Sun 
and cosmic rays; the findings include a 
third belt that occasionally appears dur- 
ing intense solar storms. The probes, built 
to withstand radiation in a region of space 
that astronauts and other satellites avoid, 
spent more time in the belts than any 
other mission. NASA is preparing a suc- 
cessor mission, the Geostationary Transfer 
Orbit Satellite, expected to launch in 2021. 


NASA’s microbe rules faulted 


PLANETARY SCIENCE | NASA rules that 
govern the potential spread of earthly 
microbes to other planets—and the poten- 
tial return of alien life back to Earth—are 
anachronistic and should be relaxed, says 
a report released last week by an inde- 
pendent agency advisory panel. Although 
such planetary protection efforts remain a 
worthy goal, protecting other planets from 
all contamination is costly and does not 
make sense given current scientific knowl- 
edge, the panel said. The report suggests 
that NASA identify less vulnerable regions 
of the Moon and Mars, opening them up 
to increased exploration from humans 
and robots, and adopt modern genomic 
tools to characterize the microbes inhabit- 
ing its spacecraft and cleanrooms. Similarly, 
NASA should revisit the biohazard restric- 
tions it places on samples returned from 
Mars to Earth, the report says, because 
martian meteorites have long bombarded 
Earth with no known biological harm. 
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IN FOCUS Most geodes—hollow, crystal-lined rocks—can fit in the palm of your hand. 
But one of the world’s biggest, the Pulpi Geode (above)—discovered 20 years ago 

in an abandoned mine near its namesake town in southeastern Spain—measures 
11 cubic meters. Last week in Geology, researchers described how the geode grew. 
They credit its great size in part to a plentiful supply of dissolved sulfate minerals 
from surrounding rocks and a lengthy time to grow. 


Quake alerts for all Californians 


SEISMOLOGY | The ShakeAlert earthquake 
early warning system, previously avail- 
able only for residents of Los Angeles, will 
now deliver alerts to all Californians, the 
U.S. Geological Survey and its partners 
announced last week. The system broad- 
casts cellphone notices similar to weather 
and AMBER alerts to warn people of 
shaking from damaging earthquakes 
greater than magnitude 5. The MyShake 
phone app will provide more frequent 
alerts for those who want warnings of 
earthquakes of magnitude 4.5 and greater. 
Although ShakeAlert can provide tens 

of seconds of warning for some earth- 
quakes, it cannot report a tremor’s precise 
strength until seconds before it arrives 
(Science, 2 November 2018, p. 514). The 
warning system will eventually expand to 
two other seismically active states, Oregon 
and Washington. 
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SCIENCE ADVISERS Thirty-three months 
after taking office, President Donald Trump 
has announced the first seven members 
of his President’s Council of Advisors on 
Science and Technology. Only one is 

an academic; five hold Ph.D.s. Details at 
https://scim.ag/WHadvisers. 


EBOLA VACCINE The world's first Ebola 
vaccine took a critical step closer to the 
market as a committee of the European 
Medicines Agency in Amsterdam recom- 
mended conditional approval. 


CHILE TURMOIL Scientists in Santiago 
scrambled to maintain lab experiments 
after riots erupted there and in other cities 
over metro fares. Chile’s Atacama Large 
Millimeter/submillimeter Array, the world’s 
largest radio telescope facility, temporarily 
reduced operations. 
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Military personnel cover a potentially contaminated police car after the 2018 poisoning of Sergei Skripal and his daughter Yulia in the United Kingdom. 


Obscure Cold War nerve agents set to be banned 


“Novichoks,” used in 2018 attack on former spy, to come under chemical weapons treaty 


By Richard Stone 


he poisons were so fearsome that U.S. 
government scientists were forbidden 
from publicly uttering their name. 
Then, in 2018, one of the Novichok 
compounds was used in an attempt 
to assassinate a former Russian spy 
on U.K. soil—spurring the United States and 
allies to lift the veil of secrecy and mount a 
drive to outlaw the obscure class of nerve 
agents, concocted in a Soviet weapons lab 
during the height of the Cold War. Now, 
their effort to amend the Chemical Weap- 
ons Convention (CWC) is about to pay off. 
On 9 October, the Executive Council of the 
Organisation for the Prohibition of Chemical 
Weapons (OPCW), the body that administers 
the treaty, reviewed a revised proposal from 
Russia that would bring Novichoks under 
the treaty’s verification regime, along with a 
class of potential weapons known as carba- 
mates. If the Russian proposal and a similar 
one from the United States, Canada, and the 
Netherlands are approved at a treaty review 
meeting next month, as expected, they would 
be the first update to the list of banned chem- 
ical weapons since the CWC came into force 
in 1997. “This is a historic milestone for the 
treaty,’ says Gregory Koblentz, a chemical 
and biological weapons expert at George Ma- 
son University in Fairfax, Virginia. 
The newfound glasnost on Novichoks, also 
known as fourth-generation nerve agents, 
should spur research on their mechanism of 
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action and on countermeasures and treat- 
ments. “Fourth-generation agents are now 
on the list of compounds we can study,’ says 
David Jett, director of the Countermeasures 
Against Chemical Threats Program at the 
US. National Institutes of Health. The U.S. 
government limits work on Novichoks to 
a handful of defense labs, but academic re- 
searchers may now partner with these labs 
and conduct computer modeling or other 
studies that don’t require the chemicals. Such 
research, Jett hopes, will “provide more infor- 
mation on the toxicity of these threat agents.” 
Like other nerve agents, the known Novi- 
chok agents bind to acetylcholinesterase, an 
enzyme that dismantles the neurotransmitter 
acetylcholine after it’s released into synapses. 
Without rapid medical intervention, the 
buildup of acetylcholine blocks brain signals 
from reaching muscles that control respira- 
tion and maintain blood pressure. Distinctive 
chemical groups jutting from the Novichok 
molecules may allow them to bind to other 
enzymes—and perhaps trigger a long-lasting 
syndrome in victims who survive an attack. 
Chemical weapons experts had been whis- 
pering about Novichoks for decades. The first 
public clues came from Vil Mirzayanov, a So- 
viet military chemist who divulged the Novi- 
chok program in 1992. In a 2008 memoir, he 
revealed details about the chemicals’ struc- 
tures and claimed that some Novichok agents 
are several times more toxic than VX, the 
deadliest known nerve agent developed for 
warfare, which North Korean operatives used 
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to assassinate Kim Jong-un’s half-brother at 
the Kuala Lumpur airport in 2017. However, 
Mirzayanov did not publish toxicity data on 
A-234, the compound believed to have been 
used in last year’s U.K. attack. 

Treaty nations have long resisted adding 
Novichoks to the CWC’s so-called Sched- 
ule 1 list of chemical weapons, which com- 
pels signatories to declare and destroy any 
stockpiles. “People were worried about a 
Pandora’s box,” fearing such a listing would 
force them to regulate ingredients of the 
weapons, Koblentz says. That could hamper 
the chemical industry and might clue in en- 
emies on how to cook them up. (Who has 
the agents now is anyone’s guess.) Indeed, 
the U.S. government for years classified the 
Novichok agents as top secret. “There was a 
desire among Western countries to keep the 
information as limited as possible to avoid 
proliferation issues,’ Koblentz says. 

Last year’s assassination attempt against 
former Russian spy Sergei Skripal in Salis- 
bury, U.K., thrust the Novichok agents into 
the spotlight. The botched attack gravely 
sickened Skripal, his daughter Yulia, two 
police officers who investigated the crime 
scene, and a couple—Charlie Rowley and 
Dawn Sturgess—who a few months later 
happened on a perfume bottle containing 
the agent. After long hospitalizations, the 
Skripals, the officers, and Rowley recovered; 
Sturgess died. The United Kingdom charged 
two Russian men, reportedly military in- 
telligence officers, as the alleged assail- 
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ants, and obtained a European warrant for 
their arrest; they remain at large in Russia. 

Now, Novichok agents are shaping up as 
a potential area of comity. The Canadian- 
Dutch-U.S. proposal targets two broad groups 
of Novichoks, one of which includes A-234. 
The Russian proposal covers the same com- 
pounds and adds a third group of Novichoks 
and two families of carbamates. The United 
States studied carbamates, which also inhibit 
acetlycholinesterase, as potential weapons 
during the Cold War; some carbamates are 
reportedly twice as toxic as VX, note Koblentz 
and Stefano Costanzi, a nonproliferation ex- 
pert at American University in Washington, 
D.C., in a review in the current issue of The 
Nonproliferation Review. (There are many 
less toxic carbamates as well, some of them 
in use as insecticides or drugs.) 

Russia initially opposed the _ three- 
nation proposal to bring the Novichoks un- 
der the CWC, arguing it was scientifically 
“substandard” and politically motivated. 
But after months of wrangling, the sides 
have resolved their differences. In a sign of 
the new openness, the U.S. Department of 
Commerce in August published a descrip- 
tion of both the Novichok agents and the 
carbamates that the two proposals would 
cover in the Federal Register—including 
structural information. 

If nations approve the Schedule 1 listings 
next month, CWC negotiators could then 
choose to puzzle out which precursor ingre- 
dients to cite on other treaty schedules. “It’s 
complicated,” Costanzi says. “There could 
be many precursors, and it will be difficult 
to find an optimal solution that minimizes 
the risk of chemical proliferation without 
hindering legitimate industrial uses or re- 
vealing synthetic pathways for the prepara- 
tion of Novichoks.” But that task will be well 
worth the trouble. “It’s not like Novichoks 
are relics of the past,’ Koblentz says. “These 
are weapons that are still killing people.” 

Other agenda items at next month’s treaty 
meeting are far more contentious. Russia 
and Syria are expected to denounce the 
work of an OPCW panel tracing the origins 
of chemical weapons used in Syria’s civil war 
and identifying the parties that used them. 
And Russia and its allies are likely to con- 
tinue to resist efforts to eliminate a treaty 
provision permitting use of aerosolized 
incapacitants for law enforcement. Russia 
exploited that loophole in 2002, when it 
pumped two powerful opioids, remifentanil 
and carfentanil, into a theater in Moscow to 
subdue armed terrorists—killing scores of 
hostages along with the terrorists. 


Richard Stone is senior science editor at the 
Howard Hughes Medical Institute’s Tangled Bank 
Studios in Chevy Chase, Maryland. 
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Screening embryos for complex 
genetic traits called premature 


Study of virtual embryos and real offspring suggests 
polygenic risk scores for IQ and height are poorly predictive 


By Jocelyn Kaiser, in Houston, Texas 


wo years ago, news headlines began 

to appear about a development that 

made many human geneticists un- 

easy. A U.S. company planned to offer 

a test for embryos created through in 

vitro fertilization (IVF) that screened 
the entire genome for DNA variants linked 
to cognitive ability, in order to help couples 
avoid having children with intellectual im- 
pairment. Many ethicists fear such multi- 
gene analyses could one day be used to 
screen embryos for desirable traits as well, 
such as tall stature or high IQ. 

For those disturbed by the prospect, a 
study reported here last week at the annual 
meeting of the American Society of Human 
Genetics (ASHG) may come as a relief: For 
now, the strategy would not work very well. 

Researchers, led by statistical geneticist 
Shai Carmi of the Hebrew University of Je- 
rusalem, calculated exactly how much of 
a boost in IQ or height could be expected 
by scanning for relevant DNA markers in a 
batch of embryos and choosing those with 
the highest scores. The result: The gains 
would be slight, and prospective parents 
might even end up discarding their tallest 
or smartest potential offspring. 

The work “is the first to empirically test 
the viability of screening embryos” for traits 
that are influenced by many genes, says 
sociologist and demographer Melinda Mills 
of the University of Oxford in the United 
Kingdom. Such embryo screening goes be- 
yond today’s testing for single-gene disorders 
and currently “isn’t plausible,” she concludes. 

Such tests are based on a polygenic risk 
score, a tool for evaluating a person’s likeli- 
hood of a disease or trait that has emerged 
over the past decade from genomic studies 
combing through variable DNA markers in 
many thousands of people. Although having 
any one DNA variant may barely raise the 
risk of, say, heart disease, adding up the ef- 
fects from hundreds or thousands of these 
markers can generate a score that helps 
identify people at relatively high risk of 
common diseases. Some direct-to-consumer 
DNA testing companies have begun to give 
customers polygenic risk scores for dis- 
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eases such as heart disease, breast cancer, 
and diabetes. 

Testing embryos, however, is hugely 
controversial, because of both the scien- 
tific limitations of such polygenic scores 
and the prospect of designer babies. Un- 
deterred, a company called Genomic Pre- 
diction last year began to offer to test cells 
plucked from an IVF embryo for millions 
of DNA markers to produce risk scores 
for some common diseases and for “intel- 
lectual disability” or low IQ. Co-founder 
Stephen Hsu, a physicist at Michigan 
State University in East Lansing who has 
branched into genomics, says that for 
now, the company is not returning genetic 


Predicting genetically complex traits from the DNA 
of cells taken from an IVF embryo (above) isn’t easy. 


scores predicting high IQ because “society 
is not ready for it.” 

Still, testing embryos for desirable traits 
could be coming soon. Most people agree 
it’s not a good idea, but there are no data, 
Carmi said at the ASHG meeting. To find 
out whether the strategy could work, his 
team created virtual genomes for potential 
embryos by combining the DNA profiles 
of “parents.” One parental group included 
actual and randomly chosen pairs of men 
and women from 102 Ashkenazi Jewish 
couples with recorded heights and the other 
919 randomly paired Greek men who had 
cognitive test scores. The team then cal- 
culated polygenic scores for the synthetic 
genomes to predict height or cognitive abil- 
ity. For the five embryos typically generated 
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in an IVF cycle, the theoretical height gain 
from selecting an Ashkenazi couple’s em- 
bryo with the highest “tallness” score was 
about 2.5 centimeters (with a range of 1 to 
6 centimeters). Selecting for the Greek vir- 
tual embryo with the highest IQ-favorable 
score brought a similarly limited gain in 
cognitive ability, just 2.5 IQ points (in a 
range from one to seven points), Carmi said. 

His team also looked at the actual genomes 
of adult offspring in 28 large families (about 
10 children on average). They found that for 
height, unknown environmental influences, 
which could include factors such as diet, and 
genes not represented in the polygenic score 
apparently overpowered the assessed genetic 
markers: In only seven of the 28 families was 
the sibling with the top score for height the 
tallest; in five families, the best scoring child 
was shorter than all siblings’ average height. 
Although Carmi’s team didn’t have similar 
real-life data for IQ, University of Edinburgh 
population geneticist Peter Joshi expects 
that any intelligence polygenic score would 
be even more unreliable. “You might be 
wrong almost as often as you're right,” Joshi 
says. (Carmi declined to discuss his study, 
which is online as a preprint and in press 
at a journal.) 

An embryo screening test that uses a 
polygenic score to predict low IQ is likely 
to face the same limitations, says Joshi, 
who views such testing as unethical. Hsu, 
however, emphasizes that Genomic Predic- 
tion doesn’t use its risk scores to screen for 
subtle IQ distinctions, but rather to avoid 
embryos with rare “outlier” DNA profiles 
for which scores predict a high risk of an IQ 
below 75, indicating intellectual disability. 

Carmi’s embryo study comes on top of 
other problems with polygenic tests. Most 
such scores have been derived from scan- 
ning DNA of people of European ancestry, 
making them of limited use for other ances- 
try groups. And recent studies have found 
they often aren’t as predictive for older 
people, men, or people living in a certain 
location. Scores predicting behavioral traits 
such as a person’s level of education are 
even more problematic, because these traits 
are strongly shaped by the family environ- 
ment in which a child is raised. 

But such polygenic scores, for IQ as well 
as diseases, are sure to improve as research- 
ers look at genetic markers in larger, more 
diverse groups of people. “What about when 
they do become predictive?” an audience 
member asked during an ASHG discussion, 
wondering whether that would justify use 
of the scores. “That equation can change,” 
responded Oxford statistical geneticist 
Alexander Young. The ethical debate over 
this brave new expansion of embryo screen- 
ing is just beginning. 
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Prime editing promises 
to be a cut above CRISPR 


New genome editor offers precision and versatility 


By Jon Cohen 


RISPR, an extraordinarily power- 
ful genome-editing tool invented in 
2012, can still be clumsy. It some- 
times changes genes it shouldn’t, 
and it edits by hacking through 
both strands of DNA’s double helix, 
leaving the cell to clean up the mess— 
shortcomings that limit its use in basic 
research and agriculture and pose safety 
risks in medicine. But a new entrant in the 
race to refine CRISPR promises to steer 
around some of its biggest faults. “It’s a 
huge step in the right direction,’ chem- 
ist George Church, a CRISPR pioneer at 
Harvard University, says about the work, 
which appeared online this week in Nature. 

This newfangled CRISPR, 
dubbed “prime editing,” could 
make it possible to insert or 
delete specific sequences 
at genome targets with less 
collateral damage. “Prime 
editors offer more targeting 
flexibility and greater editing 
precision,” says David Liu, a 
chemist at the Broad Institute 
in Cambridge, Massachusetts, 
whose lab led the new study 
and earlier invented a popu- 
lar CRISPR refinement called base editing. 

Liu, his postdoc Andrew Anzalone, and 
co-workers tested variations of their prime 
editors on several human and mouse cells, 
performing more than 175 different edits. As 
a proof of principle, they created and then 
corrected the mutations that cause sickle cell 
anemia and Tay-Sachs disease, DNA aberra- 
tions that previous genome-editing systems 
either could not fix or only did so ineffi- 
ciently. The edits occurred in a high per- 
centage of cells and caused relatively few 
off-target changes. In its paper, the team 
claims the technology “in principle can cor- 
rect about 89% of known pathogenic hu- 
man genetic variants.” 

Most CRISPR systems rely on a molecular 
complex coupling a guide RNA that homes 
in on a specific location in the genome with 
an enzyme, Cas9, that cuts both strands of 
DNA. During the cell’s efforts to reconnect 
the DNA, its repair machinery can introduce 
or delete nucleotides. Researchers can take 
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Prime editing 

“may become the 
way that disease- 
causing mutations 
are repaired.” 


Fyodor Urnov, 
Innovative Genomics Institute 


advantage of the botched repair to knock out 
genes that, say, cause a disease. They can also 
hijack the inefficient repair process to add 
DNA—even an entire gene. 

But double-stranded breaks are “genome 
vandalism,” Church says. As the cell attempts 
to repair the break, it introduces insertions 
and deletions willy-nilly, sometimes creating 
unwanted—and even dangerous—mutations. 

Liu’s earlier handwork, base editing, does 
not cut the double-stranded DNA but in- 
stead uses the CRISPR targeting apparatus 
to shuttle an additional enzyme to a desired 
sequence, where it changes the identity of 
a single nucleotide. Many genetic traits and 
diseases are caused by a single nucleotide 
change, so base editing offers a powerful 
alternative for biotechnology and medicine. 
But the method has limita- 
tions, and it, too, often intro- 
duces off-target mutations. 

Prime editing steers around 
shortcomings of both tech- 
niques by heavily modify- 
ing the Cas9 protein and the 
guide RNA. The altered Cas9 
only “nicks” a single strand 
of the double helix, instead of 
cutting both. The new guide, 
called a pegRNA, contains an 
RNA template for a new DNA 
sequence, to be added to the genome at the 
target location. That requires a second pro- 
tein, attached to Cas9: a reverse transcrip- 
tase enzyme, which can make a new DNA 
strand from the RNA template and insert it 
at the nicked site. 

Liu, who has already formed a company 
around the new technology, Prime Medi- 
cine, stresses that to gain a place in the edit- 
ing toolkit, it will have to prove robust and 
useful in many labs. Delivering the large 
construct of RNA and enzymes into living 
cells will also be difficult, and no one has yet 
shown it can work in an animal model. 

Fyodor Urnov, scientific director at the 
Innovative Genomics Institute in Berkeley, 
California, reviewed the paper for Nature 
and says it brought “one of those ‘yay, sci- 
ence!’ kind of moments.” Prime editing 
“well may become the way that disease- 
causing mutations are repaired,” he says. 
But, he adds, it’s too soon to be sure. The 
technique “just showed up this year.” 
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Olorofim, now in phase II trials, has shown promise against Lomentospora prolificans (above), a fungus that mostly infects patients with weakened immune systems. 


DRUG DEVELOPMENT 


New drugs target growing threat of fatal fungi 


Well-stocked pipeline could yield new tools to treat intractable infections 


By Kai Kupferschmidt, in Nice, France 


artin Hoenig], a specialist in fungal 
infections at the University of Cali- 
fornia, San Diego, sees half a dozen 
patients a year infected with a rare 
mold called Lomentospora prolifi- 
cans that is resistant to all avail- 
able antifungals. Doctors use combinations 
of two or three drugs in high doses to try to 
stop the infection, but usually to no avail. 
“Most of these patients die,” Hoenig] says. 

That may be about to change. Hoenigl 
just started to enroll patients in a phase 
II trial of a new drug called olorofim that 
holds promise against Lomentospora. It is 
one of several compounds now in trials that 
could give doctors much-needed new tools 
against these intractable infections. “We 
have got several drugs with new mecha- 
nisms of action and they look really good,’ 
says Tom Chiller, who heads the mycotic 
diseases branch at the U.S. Centers for Dis- 
ease Control and Prevention in Atlanta. “It’s 
exciting times,” Hoenig] says. 

Of the millions of fungal species on 
Earth, only a few dozen regularly cause 
human disease; fungi don’t grow well at 
mammals’ high body temperature, and a 
healthy human immune system is adept at 
dealing with the ones that do. But the HIV/ 
AIDS epidemic and modern medical inter- 
ventions such as chemotherapy and trans- 
plantation have led to a growing number 
of people with compromised or suppressed 
immune systems whose bodies can be over- 
run by a fungal invader. Symptoms vary 
widely depending on which organs are af- 
fected; a lung infection, for example, can 
lead to shortness of breath and cough. An 
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estimated 1.5 million people die worldwide 
every year of invasive mycoses. 

New drugs have been slow in coming be- 
cause research funding has been scarce and 
investors prefer drugs against chronic dis- 
eases that patients take for life over ones that 
cure an infection. “There’s not a huge incen- 
tive, there’s not a big market,” Chiller says. 
The urgency is growing, however, as cases 
have increased and once-treatable fungi are 
becoming resistant. About one-quarter of 
recent Indian isolates of Candida auris, a 
fungus that’s on the rise globally, were resis- 
tant to two or more classes of antifungals, for 
instance. (For some other species, drugs have 
yet to be found.) And there are other prob- 
lems: Only one class of drugs, the azoles, can 
be taken orally. The others must be injected, 
and many have side effects or interact with 
other drugs, a problem for patients who have 
a fungal infection on top of another illness. 

At a medical mycology meeting here ear- 
lier this month, scientists presented prom- 
ising phase II clinical data for rezafungin, a 
new member of an existing class called the 
echinocandins developed by Cidara Thera- 
peutics in San Diego. Like other echinocan- 
dins, it acts by inhibiting synthesis of the 
polysaccharides that make up the fungal 
cell wall, but it has a much longer half-life, 
allowing it to be given once a week instead 
of daily. It might one day become the stan- 
dard prophylaxis for patients receiving 
transplants, Hoenig] says. 

Doctors are eager to have new classes of 
drugs—which have a new target or a new 
way to attack an existing target—because 
it allows them to try new combinations 
that may work synergistically and help 
avoid resistance. Olorofim, the compound 
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Hoenig] is testing, is one example: It blocks 
the synthesis of pyrimidine, the precursor 
of DNA building blocks. Developed by U.K.- 
Austrian biotech F2G, olorofim can be taken 
orally and kills not only Lomentospora, but 
also Scedosporium, another rare and usu- 
ally fatal mold infection. Further along is 
ibrexafungerp, developed by Scynexis in 
Jersey City, New Jersey, and now in a phase 
III trial. Like the echinocandins, it attacks 
the fungal cell wall but does so by latching 
onto another part of a key enzyme. 

On these drugs’ heels is fosmanogepix, a 
new broad-spectrum antifungal developed 
by Amplyx in San Diego that is now in phase 
II trials. Last month, the U.S. Food and Drug 
Administration gave it “fast-track” status, 
an expedited review procedure for urgently 
needed drugs. 

Because fungal diseases are relatively rare 
and diagnosis is difficult, the current clini- 
cal trials are small. But Oliver Cornely, an 
expert on fungal infections at the University 
of Cologne in Germany who is involved in 
trials of all four drug candidates, hopes that 
even a limited amount of positive data will 
persuade regulators to approve these drugs, 
which address fatal diseases with few treat- 
ment options. “If this were HIV, we would see 
people protesting in front of the convention 
center for these drugs to become available.” 

Chiller says new diagnostics are also 
needed. Fungi often lead to unspecific 
symptoms and are hard to culture, and 
rapid, accurate diagnostic tests are scarce. 
That means patients may die without ever 
receiving a proper diagnosis. For the new 
drugs to have their biggest impact, that has 
to change, Chiller says. “If you can’t diag- 


nose it, it doesn’t exist.” & 
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SCIENTIFIC COMMUNITY 


Codes of conduct aim to curb 
harassment at field sites 


Guides spell out behavior and navigate cultural differences 


By Linda Nordling 


s an African female archaeology stu- 

dent, Mary* is accustomed to feeling 

like an outsider. She has attended 

five field schools in Africa where 

most students and staff were white 

foreigners. Some of those foreigners 
expressed surprise that she speaks English 
and has a degree in archaeology. And some 
commented on her body in a way that she 
says “fetishizes black women.” 

One field school had a sexual harass- 
ment policy participants had to sign, but it 
referred to Title IX, the 1972 U.S. law ban- 
ning institutions that receive federal funds 
from discriminating on the basis of sex. For 
Mary, who hails from an African university, 
Title IX and any support offered through 
its offices in a U.S. institution felt mean- 
ingless. After reading the code, she felt no 
protection at all. “As a black woman in paleo- 
science, I feel more needs to be done.” 

Stronger codes of conduct could help 
make international sites safe for everyone, 
says biological anthropologist Rebecca 
Ackermann, deputy dean at the science fac- 
ulty of the University of Cape Town (UCT) 
in South Africa. She’s spearheading a model 
code, part of a document guiding conduct 
at science departments at UCT, to be an- 
nounced this month. UCT’s effort adds to a 
growing movement to adopt rules of con- 
duct at field sites worldwide, aimed at prej- 
udices and cultural differences. 
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Studies of fieldwork experiences and 
high-profile cases of sexual misconduct dur- 
ing fieldwork, including at African-based 
field schools (Science, 13 October 2017, p. 162 
and 12 February 2016, p. 652), have boosted 
awareness about the dangers of remote field 
sites, where scientists from many countries 
live and work together. But most fieldwork 
policies around the world are “very much 
entrenched in an American definition and 
reporting structure,’ Ackermann says. 

UCT’s new fieldwork code was de- 
signed with South African needs in mind, 
Ackermann says. The code bans inappro- 
priate jokes, persistent one-sided flirting, 
or objectifying comments on somebody’s 
dress, looks, or sexuality. Clauses ban al- 
cohol and relationships between scientists 
and locals. The code also prohibits types of 
discrimination relevant to South Africans, 
including those based on race or HIV status. 

The code is a model, not mandatory, and 
individual site leaders are free to adjust 
provisions like the alcohol ban. But the 
code spells out that violations will result 
in “immediate removal” from the project. 

The code “sets the tone for more profes- 
sional and inclusive conduct,” says Jemma 
Finch, a paleoecologist at the University of 
KwaZulu-Natal in Pietermaritzburg, South 
Africa, who applauds the effort. 

Although few universities have drawn up 
templates like this, a growing number of 
field projects are writing their own, navi- 
gating diverse cultural norms to do so. For 
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Students shaped stone tools at an all-female field 
camp run by the University of Cape Town in 
South Africa, where they also workshopped a code 
of conduct for fieldwork. 


example, Tuanan Orangutan Research Sta- 
tion in Indonesia, a majority Muslim coun- 
try, has had a code of conduct since 2016, 
says primatologist Erin Vogel from Rutgers 
University in New Brunswick, New Jersey, 
who co-directs the station with Suci Utami- 
Atmoko from Jakarta’s National University. 
Some years ago, an intimate relationship be- 
tween unmarried people at the camp became 
common knowledge and caused conflict 
with the local community. After a shaman 
led a 24-hour cleansing ceremony, Tuanan 
developed the written code, which applies 
to everyone in camp. 

The code prohibits “following people 
around camp when asked to stop or telling 
them you want to be with them in a sexual 
way.’ It also bans behaviors deemed in- 
appropriate in the region, including inti- 
mate relationships between unmarried peo- 
ple. Violators face immediate termination. 

There’s been some pushback from people 
whose cultures don’t prohibit consensual 
unmarried relationships, Vogel says. Her 
message: “Go to Bali and do what you want. 
... Just don’t do it in camp.” The code seems 
to work, she says. “We haven't had any is- 
sues in camp for years.” 

Mary and others caution that codes 
might not be enough to change behavior. 
She’d like to see sensitivity training for staff 
and students, too, in part to challenge pa- 
triarchal African cultures. “Some typically 
African males still hold the view that sexual 
harassment is a Western concept.” 

Ackermann acknowledges the problem. 
If local cultural norms clash with women’s 
rights, she says, a field site can send the 
message that “in your culture it might be 
the norm, but in this culture of science it’s 
not acceptable.” 

The situation becomes even more chal- 
lenging when local laws as well as customs 
are discriminatory, for example regard- 
ing LGBTQ identity. Thirty-four African 
countries outlaw homosexual activity. For 
Silindo*, a South African geologist who is 
gay, planning fieldwork in those countries 
has been “very overwhelming.” 

For him, the international atmosphere in 
many field sites helps him feel protected. 
“It is good to have these conversations be- 
fore you go to a place like this,’ he says. “We 
need to create these [respectful] spaces— 
they don’t just happen overnight.” 


*Names have been modified to protect 
identities. Linda Nordling is a journalist in 
Cape Town, South Africa. 
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PALEONTOLOGY 


How life blossomed after the dinosaurs died 


Plants and mammals diversified together, blow-by-blow record shows 


By Elizabeth Pennisi 


n 2014, when Jan Miller and Tyler Lyson 

first visited Corral Bluffs, a fossil site 

100 kilometers south of the Denver Mu- 

seum of Nature & Science where they 

work, Lyson was not impressed by the 

few vertebrate fossils he saw. But on a re- 
turn trip later that year, he split open small 
boulders called concretions—and found 
dozens of skulls. Now, he, Miller, and their 
colleagues have combined the site’s trove of 
plant and animal fossils with a detailed chro- 
nology of the rock layers to tell 
a momentous story: how life 
recovered from the asteroid im- 
pact that killed off the dinosaurs 
66 million years ago. 

Plants and animals came 
back much faster than thought, 
with plants spurring mammals 
to diversify, the team reports on- 
line in Science this week. “They 
get almost the whole picture, 
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layers had recorded, add detail to the chrono- 
logy. “They have a very strong geochrono- 
logical framework,” says David Fastovsky, a 
paleontologist at the University of Rhode Is- 
land in Kingston. 

The record confirms the devastation 
wrought by the impact. Racoon-size mam- 
mal species had swarmed the site before 
the catastrophe, but for 1000 years after- 
ward just a few furry creatures no bigger 
than 600-gram rats roamed a ferny world 
where flowering plants, with their nutri- 
tious seeds and fruits, were scarce. 


Mammalian body mass (kilograms) 
25 50 75 


A stepwise recovery 


After an asteroid wiped out much of life on Earth, mammals—responding to changes 
in plants—grew in size and diversity surprisingly quickly. 


which is quite exciting, says 
functional anatomist Amy Chew 
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of Brown University. “This high- 
resolution integrated record re- 
ally tells us what’s going on.” 
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When the asteroid slammed 
into Earth, it wiped out 75% of 
living species, including any 
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With the great dinosaurs gone, 
mammals expanded, and the 


new study traces that process in ths 
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exquisite detail. 

Most fossil sites from after the 
impact have gaps, but sediment 
accumulated nearly continuously for 1 mil- 
lion years on the flood plain that is now the 
Corral Bluffs site. So the site preserves a full 
record of ancient life and the environment. 

Such sites can be hard to date. But Miller, 
a paleobotanist, and his colleagues collected 
37,000 grains of pollen and spores, which 
revealed a clear marker of the asteroid im- 
pact: a surge in the growth of ferns, which 
thrive in disturbed environments. The site 
also includes two layers of ash from nearby 
volcanoes. Volcanic ash includes radioactive 
minerals whose decay can be used as a pre- 
cise geochronological clock, providing two 
time markers. The known flips in Earth’s 
magnetic poles, which some minerals in the 
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By 100,000 years later, twice as many 
mammal species roamed, and they were 
back to raccoon size. These critters foraged 
in the palm forests that replaced the ferns. 
“It’s a world that’s coming back from com- 
plete and utter devastation,” Miller says. 

Over the next 200,000 years, what he calls 
the “palm period” gave way to the “pecan 
pie” period, when walnutlike plants arose. 
New mammals evolved to take advantage of 
the nutritious seeds. Mammal diversity in- 
creased threefold, and the biggest of the new 
species reached 25 kilograms—beaver size. 

After about 700,000 years, legumes 
showed up; their fossil pea pods are North 
America’s oldest discovered to date. Pea and 
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bean species from the “protein bar period” 
provided protein-rich meals that further 
boosted mammalian size and diversity, 
Lyson says. Mammals topped 50 kilograms— 
a 100-fold increase over those that sur- 
vived the asteroid. The forests, too, had 
recovered. “The biggest message is how 
fast the recovery was ... and how closely the 
vegetation and fauna are tied together,” says 
Vivi Vajda, a paleobiologist at the Swedish 
Museum of Natural History in Stockholm. 

The team also classified 6000 leaves, 
counting how many species at each time 
interval had smooth or toothed 
edges. Smooth-edged species 
are more common in hot cli- 
mates. The team concluded 
that the site underwent three 
warming periods. They esti- 
mate that the first, just after 
the impact, saw temperatures 
rise about 5°C, agreeing with 
earlier work. This period co- 
incides with the massive vol- 
canic eruptions of India’s 
Deccan Traps, which could 
have warmed Earth by belch- 
ing carbon dioxide (Science, 
22 February, p. 862 and p. 866). 

“At each warming period 
you see a change in the plant 
community and subsequently, 
changes in the mammals,” says 
Lyson, who thinks temperature 
drove the stepwise recovery. 

Vajda thinks no matter what 
happened to temperature and 
plant life, the loss of dinosaurs 
alone might have opened the 
door to bigger, more diverse 
mammals. But Jukka Jernvall, an evolution- 
ary biologist at the University of Helsinki, 
says the team’s analysis of ancient ecosys- 
tems shows just how the recovery unfolded. 
“We are starting to get the time and spatial 
resolution to reconstruct the environment 
and what happened in a way that can be 
linked to ecological processes.” 

The record also holds a sobering message 
about the future, and how quickly ecosys- 
tems might recover from ongoing, human- 
driven extinctions. Even a recovery that 
geologists call “fast” took hundreds of thou- 
sands of years, and the world was never the 
same. “A very dramatic resetting of the eco- 
system could be in our future,’ Chew says. 


Years after extinction 
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Europe dreams big for future space missions 


Scientists debate themes vying for billion-euro mission slots in Voyage 2050 program 


By Daniel Clery 


uropean space scientists’ most ambi- 

tious dreams are about to meet real- 

ity. Earlier this year, the European 

Space Agency (ESA) asked a com- 

mittee to invite researchers to pitch 

ideas for Voyage 2050, a 20-year 
program of missions beginning in 2035. 
“We want to know what their dreams are,” 
says astronomer Linda Tacconi of the Max 
Planck Institute for Extraterrestrial Phys- 
ics in Garching, Germany, who chairs the 
committee. It received almost 100 propos- 
als, including scientific quests that would 
require an orbiting radio telescope the size 
of several city blocks, a fleet of formation- 
flying telescopes to study exoplanets, and a 
robotic odyssey to bring back samples from 
Venus. Next week, scientists will gather 
in Madrid for a workshop to debate the 
merits of the different science themes, af- 
ter which the committee will spend about 
1 year choosing which ones to recommend 
to ESA for the program. 

Ginther Hasinger, ESA’s director of sci- 
ence, says the agency is looking to lead 
three large billion-euro missions, and five 
or six medium missions costing less than 
half a billion euros—an agenda similar to 
its current science program, called Cosmic 
Vision. Voyage 2050 will also include a se- 
ries of “fast” missions, with budgets less 
than €150 million, launching every 3 years. 
This year, ESA picked the first of those, the 
Comet Interceptor, which after launch in 
2028 would park itself beyond the Moon 
and wait for a pristine comet to enter the 
Solar System. 

Tacconi’s committee will settle on the 
themes for the three large missions and a 
menu of about a dozen for medium mis- 
sions. Calls for specific mission proposals 
to fit the themes will come later. Hasinger 
says the long lead time will help ESA get a 
head start on technology development for 
the missions. 

Many of the proposals submitted for 
the workshop call for exoplanet science, 
Hasinger says. One envisions a few mid- 
infrared telescopes orbiting in formation 
about 150 meters apart and combining 
their light to get sharp views of Earth-like 
exoplanets. Another calls for a parasol- 
shaped starshade orbiting in space, which 
would create brief eclipses of distant stars 
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so that ground-based telescopes can dis- 
cern the faint light of planets around them. 

Leon Koopmans of the University of 
Groningen’s Kapteyn Astronomical Insti- 
tute in the Netherlands heads a team that 
wants to probe the universe’s dark ages, 
before the light of the first stars. Because 
Earth’s atmosphere blocks radio signals 
from that era, the team envisions a giant 


The European Space Agency wants to partner with 
NASA ona mission to Uranus (top) and Neptune, 
last visited by Voyager 2 in the 1980s. 


orbiting radio antenna with a collecting 
area of 1 square kilometer and, later, an 
array of antennas on the radio-quiet far 
side of the Moon. “It’s been treated as an 
exciting and original idea. But there is stiff 
competition,” Koopmans says. 

Other ambitious proposals have targets 
closer to home. One would retrieve sam- 
ples from the surface of Venus through a 
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complex choreography of two orbiters, 
multiple landers, a balloon high in the at- 
mosphere, and a return rocket. 

Constraining those ambitions is ESA’s 
science budget, which all 22 member coun- 
tries must contribute to in line with their 
gross domestic product. It has been flat 
for the past couple of decades. As inflation 
erodes its value, the gaps between mis- 
sions have grown longer. Hasinger points 
out that no medium-size science mission 
has launched in more than 10 years. 

Next month, government ministers from 
the 22 member nations will meet in Seville, 
Spain, to hash out the agency’s budget 
for the next 5 years or so. The science di- 
rectorate is asking for a funding boost of 
between 10% and 20%. “This is absolutely 
necessary. A flat budget is not healthy,’ 
says Athena Coustenis, a planetary sci- 
entist at the Paris Observatory and chair 
of the European Space Sciences Com- 
mittee, an advisory body. “There’s almost 
unanimous support that there has to be 
an increase, but the devil is in the detail,” 
Hasinger says. “We may not get as much as 
we asked for.” 

Hasinger has other items on his wish list 
for Seville. He will also ask ministers for 
extra funding for Cosmic Vision, so ESA 
can launch one of its large missions, the 
Laser Interferometer Space Antenna, a 
gravitational wave detector, earlier than its 
scheduled 2034 date. That way, it can fly at 
the same time as another large ESA mis- 
sion, dubbed Athena, an x-ray observatory 
due for launch in 2031. “They both study 
the same phenomena but with different 
eyes and ears,” Hasinger says, explaining 
that the cosmic collisions that generate 
gravitational waves can also unleash blasts 
of x-rays. 

ESA also wants to join NASA in sending 
a probe to Uranus and Neptune, the first 
visit to the ice giants since Voyager 2 in 
the 1980s. Around 2030, the planets will 
be aligned with Jupiter so it can act asa 
gravitational slingshot to fling a spacecraft 
onward. This maneuver saves so much fuel 
that the spacecraft can be five times big- 
ger than without the boost, Hasinger says. 
Final approval for the ice giants mission 
will likely have to wait until the next min- 
isterial meeting after Seville, because the 
NASA team is also seeking support, from 
the U.S. space science community. 


sciencemag.org SCIENCE 


PHOTOS: (TOP TO BOTTOM) NASAMPL; NASA 


‘<2 FEATURES = 


oases 1S 
Lp < a = 
. 
=. = “sd 
: - > 
= 
.. tae. 
une ia * 
= am <= 
a : 
- A a 
‘ e 
: . 
= < 
= ° 
~ —_ ote 
2 b 2” == 
~ - : 
: 4. 
le 
fa. on pes 
—- 
a 
- 
Ve Ng NN 


= Soe =" eis we + a ’ .@ 
at ag 4 3 » i? , ae \ 
& a S ee eek ‘ aa | ai 
¢ ~ a . . ae , 
: 2” . s : Ss ca 
a! | . e ” . ra 
= x Vo 4 
» : sy % ed | = Af . y 4 7 \ 
t > Fi ; 2 *s 3 er = Th} 
sf ow yy T m e ° . +} a 
| get: 
; - | 
. a J ? e Se < f a > if 
Ss - . . : iy 
| =] » y aces 
i [J < “ PANY, 
: : es , . <s NY 4 ‘ 
— ~ 4 — 2 ar : ah 
- a ac 38 ’ } e's 
f > ' | ' 4 Is 
) ’ . > ‘ . i iM 
s 
i 


GROWING PAINS 


Ecologist Thomas Crowther is having a bumpy rise to prominence 


ts been a remarkable year for eco- 
logist Thomas Crowther—for better 
and worse. The 33-year-old researcher, 
an assistant professor at ETH Zurich in 
Switzerland, has co-authored six papers 
in Nature and Science. He’s addressed 
members of Germany’s_ parliament 
and is advising major companies and 
nonprofits on environmental issues. 
Journalists have produced hundreds of sto- 
ries about his laboratory’s innovative work 
with huge ecological data sets, including a 
headline-grabbing estimate, published in 
Science, that planting trees on hundreds of 
millions of hectares could dramatically slow 
climate change. Last month, Nature pub- 
lished a lengthy profile of Crowther, noting 
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By Gabriel Popkin 


his rise “from struggling student to steward 
of a 30-strong team,’ supported by a hefty 
foundation grant “that should keep his lab 
going for 13 years.” 

But Crowther’s rapid rise to prominence 
has also catalyzed a strong and sometimes 
personal backlash. Colleagues have called 
him out for what they view as preening for 
the press (his lab has its own public relations 
staff) and for publishing flashy but flawed 
science. Critics panned the tree-planting 
paper, with one calling it “shockingly bad,” 
and last week, Science published six lengthy 
critiques signed by more than 50 scientists. 
And the Nature profile, in which Crowther 
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appeared to belittle traditional ecological 
research, incited a Twitter pile-on. Some us- 
ers accused Crowther of being a poster boy 
for white male privilege in science, with one 
deriding his lab as “a huge waste of money.” 

The attacks have left Crowther and mem- 
bers of his laboratory feeling bewildered, 
even depressed. But the attention has also 
reinforced their feeling that they are doing 
meaningful, precedent-setting, and world- 
changing work. “Even though this has been 
absolutely the worst 3 months of my career,’ 
Crowther says, “it’s also been the 3 months 
when I’ve realized the dream of actually hav- 
ing our science be useful.” 

Few doubt that Crowther’s efforts to gener- 
ate global ecological numbers are having an 
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impact. He’s “very savvy in picking problems 
that are going to have answers that people 
are going to want to know,’ says ecologist 
Jonathan Levine of Princeton University. 
“There’s sort of a buzz around Tom.” 


CROWTHER APPEARS to be all limbs, tall and 
lanky. He sometimes dons a three-piece 
suit for talks but favors less formal garb 
in his lab: for example, a ball cap, faded 
T-shirt, flip-flops, and hoodie. He gesticu- 
lates energetically and often speaks in hy- 
perbole, with a healthy dose of expletives. 
Everyone in his lab is the most brilliant 
scientist or most incredible programmer 
he’s ever met. During one recent talk he pre- 
sented “the graph that gave me the most joy 
in my entire career.” 

Crowther’s accent hints at his multi- 
national upbringing. He was born in Namibia 
and spent his early years in South Africa, be- 
fore his family moved to the coastal town of 
Prestatyn, U.K. His parents are doctors and 
his childhood was comfortable, but dyslexia 
made academics hard. He became known as 
a troublemaker and poured his energy into 
sports, rising to the apex of youth tennis in 
the United Kingdom before, he says, a lack of 
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Thomas Crowther’s work, especially on trees, has 
produced high-profile publications, but also criticism. 


focus cost him his funding. At the same time, 
he grew fascinated with nature, devouring 
documentaries narrated by naturalist David 
Attenborough and developing a passion for 
catching lizards and snakes. 

Crowther enrolled at Cardiff University, 
but did poorly until a soil ecology profes- 
sor, Hefin Jones, saw his potential and, over 
a beer, encouraged Crowther to try harder 
at science. As he had done with sports, 
Crowther threw himself into experiments: 
growing wood-decomposing fungi in petri 
dishes, then examining the consequences of 
adding fungus-eating insects to the mix. 

Once, Jones recalls, Crowther insisted 
on submitting a paper to Ecology Letters, 
a prominent journal, even though Jones 
thought the result was trivial. The journal 
accepted it with few revisions. The episode 
proved Crowther’s “willingness to actually 
disagree with his seniors and ... argue his 
case,” Jones says. By the time Crowther com- 
pleted his Ph.D. at Cardiff in 2012, he had 
published in several top ecology journals. 

In 2012, Crowther moved to Yale Uni- 
versity to work with soil specialist Mark 
Bradford. Soon after he arrived, a German 
high school student, Felix Finkbeiner, emailed 
Crowther’s roommate with a question: How 
many trees are on Earth? Finkbeiner was 
curious because he ran a nonprofit that was 
working with the United Nations to encour- 
age people to plant 1 billion trees. 

“Why would a scientist care?” ecologist 
Daniel Maynard, then a grad student at Yale, 
recalls thinking. But Crowther embraced the 
challenge of amassing the data. He began to 
ask tree researchers to share their numbers. 
Some did; others refused. Then, Crowther 
discovered that many governments had mas- 
sive data sets of forest measurements. Soon 
he had 400,000 data points, enough to cor- 
relate tree density with variables such as 
rainfall and estimate tree numbers in places 
with sparse data, including much of Africa 
and Asia. In September 2015, Crowther and 
colleagues—including the  once-dubious 
Maynard, who is now in Crowther’s lab— 
reported in Nature that the planet is home to 
about 3 trillion trees. 

Journalists began to call. Attenborough 
quoted the paper. (“The best moment of my 
career,’ Crowther says.) The Billion Tree Cam- 
paign became the Trillion Tree Campaign. 

Scientists had mixed reactions. Some felt 
Crowther had neglected more meaningful 
metrics, such as species distribution and 
function. Robin Chazdon, a forest ecologist 
at the University of Connecticut in Storrs, re- 
calls thinking: “The number of trees is just 
kind of a flashy way of getting attention.” 


Published by AAAS 


By the time the Nature paper appeared, 
Crowther had moved to the Netherlands In- 
stitute of Ecology (NIOO) in Wageningen. He 
says he learned two things from the experi- 
ence. One was that he could pull off—and 
publish in a prestigious journal—a credible 
global analysis of a single ecological vari- 
able. “People said: ‘How can you be confi- 
dent enough to make claims about the whole 
world?” he recalls. “I said: ‘It’s identical to 
my petri dish. ... Being bold enough to make 
statements about petri dishes is the same as 
being bold enough to make statements about 
the globe.” 

The other lesson was that relatively simple 
studies, when clearly communicated, could 
excite the media and the public. “There's 
loads of genius scientists way smarter than 
me who are not willing to communicate their 
science, so it doesn’t get the attention it de- 
serves,’ Crowther says. “Science isn’t about 
finding absolute perfection; it’s about mov- 
ing the conversation forward.” 


CROWTHER APPLIED those lessons to his 
next big project. This time, his spotlight 
was on soil, which is often overlooked yet 
is vital for growing food—and storing car- 
bon. In particular, many researchers want 
to know how global warming might change 
the activity of soil microbes, which play a 
major role in determining how much car- 
bon is stored or released by soil. Research- 
ers have launched numerous experiments in 
which they artificially warm soil in different 
places and measure what happens. 

As he did for tree numbers, Crowther 
drew on other researchers’ data. He plot- 
ted the results of 49 experiments and found 
a trend: Warming soils lost carbon, and the 
more carbon a site held, the more it lost. “It’s 
the simplest thing ever. It’s just that I dared 
to apply the concept at a global scale,” he 
says. “I would never have been bold enough 
to try, until the tree paper.” 

Some of Crowther’s co-authors wanted to 
emphasize the uncertainty in the results. But 
Crowther prevailed with a simpler message: 
A 1°C rise in global temperature could cause 
microbes to release about 55 billion tons 
of soil carbon by 2050, accelerating global 
warming by up to 17%. The result would be, 
he said, like adding emissions from an addi- 
tional United States to the atmosphere. 

The work, published in Nature just 
15 months after the 3 trillion trees paper, 
received extensive coverage. Crowther also 
received an invitation to apply for funding 
from DOB Ecology, a family foundation in 
Veessen, Netherlands. The foundation re- 
jected Crowther’s first proposal as not ambi- 
tious enough. But it liked his second pitch, 
which called for creating a team including 
programmers, remote sensing experts, mod- 
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elers, and communications specialists to 
conduct and publicize 13 global-scale studies 
with practical applications. In October 2017, 
1 month after Crowther joined ETH Zurich, 
he received a $2.7 million grant from DOB 
Ecology, with a promise of an additional 
$15 million if he meets certain targets. 
Overnight, Crowther had more money 
than most in his field. “I’ve never heard of 
an assistant professor having this degree 
of financial support, at least in ecology,’ 
says Levine, who was at ETH at the time. 
Crowther says he was embarrassed by an 
ETH press release crowing about the “huge” 
grant. “It’s horrible, it’s divisive. ... I did freak 
out for a little bit,’ he says. “The reason I’ve 
had academic success is that I’ve never had 
stress. ... Then I got into this, and I’m like: 


2 


‘Oh my God, I’m responsible for 20 people: 


NOW, 2 YEARS LATER, Crowther’s team of 
about 30 occupies a hallway of ETH’s en- 
vironmental sciences building. The space 
has the feel of a startup, with lounge fur- 
niture, espresso cups, and whiteboards 
strewn about. You will often find Crowther 
at a standing desk in an office shared with 
five others. He declined to occupy an office 
next door that was offered to him. “I get so 
sad and bored just sitting in a room by my- 
self” he says. Instead, it’s become a game 
room, equipped with a table that hosts fre- 
quent bouts of “smash,” a chaotic form of 
table tennis that Crowther invented in which 
players bounce the ball off walls, the floor, 
their bodies, and even visiting journalists. 

Crowther’s penchant for games and cama- 
raderie extends beyond the office. One Fri- 
day night, he led a lab pub crawl that lasted 
into the early morning. At a weekend picnic, 
a restless Crowther searched for the optimal 
angle for swinging on a rope from a tree 
while his labmates drank beer. “Zurich was 
a classy place until the Crowther lab showed 
up,’ a colleague joked. 

Crowther has landed like a cannonball in 
Switzerland’s traditionally calm academic 
pond. ETH officials balked when Crowther 
sought to hire his own publicity team. He did 
it anyway. And ETH faculty have chastised 
him for some careless remarks to the press, 
says environmental scientist Nicolas Gruber, 
an ETH colleague. But he says Crowther’s 
“ambition level and translating that ambi- 
tion to action [has been] quite amazing.” 

This year alone, Crowther’s lab has helped 
produce the first-ever global distribution 
maps of soil-dwelling fungal groups and of 
tiny worms called nematodes, both in Na- 
ture, and a global map of earthworm distri- 
bution, in this issue of Science (p. 480). The 
results will help bolster climate and eco- 
logical models, Crowther says. His team 
has published other work on how cli- 
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mates in major cities could shift by 2050. 

Some of the lab’s work is more hands on. 
Graduate student Julia Maschler is examin- 
ing how climate change might affect tree 
growth and wood decomposition. In another 
study, Crowther’s playfulness comes through. 
He speculated that exposure to sound would 
make fungi grow faster. Maynard, now a 
lead scientist in his lab, bet it wouldn’t. To 
settle the issue, they grew fungi in chambers 
rigged for sound. Crowther won. 


IT IS THE CROWTHER LAB’S tree maps, how- 
ever, that keep stealing the show—and 
engulfing him in controversy. Ecologist 
Jean-Francois Bastin, a postdoc in the lab, 
led an effort to determine how much un- 
forested land on Earth could support trees. 
It was prompted, in part, by a practical prob- 
lem: Tropical nations have committed to es- 
tablishing forests across an area larger than 
India by 2030, but many countries don’t 
know how much land is actually suitable. 
The researchers, including computing spe- 
cialist Devin Routh, built models that drew 
on variables such as soil type to estimate 
how much land could be forested, and how 


“We cannot be that bold. 
We get bogged 
down in bureaucracy.” 


Julian Fox, Food and Agriculture 
Organization of the United Nations 


much carbon dioxide those trees might suck 
from the atmosphere. In July, they reported 
in Science (5 July, p. '76) that new trees could 
be planted across 900 million hectares of 
land, where they would absorb two-thirds 
of the carbon dioxide humans have added 
to the atmosphere in the industrial era. Tree 
planting, the authors wrote, is “our most ef- 
fective climate change solution.” 

The media embraced that message. 
English-language outlets ran some 700 stories 
on the paper, according to a firm Crowther 
hired to promote it. Climate advocate Greta 
Thunberg and former Vice President Al Gore, 
among many others, cited the result. 

But many scientists objected. One of the 
bluntest critics was Simon Lewis, a forest 
ecologist at the University of Leeds in the 
United Kingdom, who had previously col- 
laborated with Crowther. “Science Magazine 
have lost their critical faculties,” he tweeted, 
calling the paper “shockingly bad.” In partic- 
ular, Lewis faulted the carbon removal cal- 
culation, arguing that Crowther’s team had 
overstated, by a factor of two, the proportion 
of human-emitted carbon that trees could 
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absorb. “That’s not how the global carbon 
cycle works,” he wrote. 

Crowther and Bastin were taken aback. 
The attacks “stopped all work in the lab for a 
week,” Crowther recalls. 

Last week, the conflict got a full airing in 
Science, which published six submissions 
from critics (including Lewis), together with 
one supportive comment and responses from 
Crowther’s team (Science, 18 October, p. 315). 
In addition to lambasting the July paper for 
miscalculating carbon storage, the critics 
argued it favored converting grasslands and 
wetlands to forests and ignored how trees 
might affect water supplies and tempera- 
tures. “The claim that global tree restoration 
is our most effective climate change solution 
is simply incorrect scientifically and danger- 
ously misleading,” one group wrote. 

Crowther’s team revised the paper ab- 
stract to recharacterize tree planting as just 
“one of the most effective carbon drawdown 
solutions” and emphasize that reducing car- 
bon emissions is critical. But they vigorously 
challenged other objections. Disagreements 
about carbon storage calculations were not 
the result of errors, but different definitions 
of “forest” and confusion about their meth- 
ods, they wrote. And they denied promot- 
ing conversion of grasslands and wetlands. 
“All we’re showing is where trees can grow,’ 
Crowther says. “It’s not got any agenda.” 

Ecologist Jonathan Foley, executive direc- 
tor of Project Drawdown in San Francisco, 
California, which ranks climate solutions, 
says his group’s analysis confirms Crowther’s 
numbers. And Julian Fox, national forest 
monitoring team leader at the Food and 
Agriculture Organization of the United Na- 
tions in Rome, credits Crowther’s team for 
showing that some countries have made 
unrealistic forestation promises, whereas 
others could be more ambitious. His team 
had launched a similar study, but it realized 
Crowther’s team could deliver harder hitting 
results. “We cannot be that bold,’ he says. 
“We get bogged down in bureaucracy.” 

Amid the dueling, even scientists who 
have been critical of Crowther’s work say 
his messaging has helped advance meaning- 
ful conversations. Chazdon says the Science 
paper “overinflated” the potential for carbon 
removal, but that Crowther is “really rais- 
ing the profile of forests” in discussions of 
climate solutions. Although she had been 
wary of working with Crowther in the past, 
Chazdon has agreed to share some of her 
data with him. “He’s matured,” she says. 


THIS SUMMER, a stream of corporate social 
responsibility officers, wealthy donors, 
and nonprofit directors filed into a domed 
conference room on the ETH campus for a 
Crowther lab “launch” event. Standing be- 
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Members of the Crowther lab take the stage at an event held this summer for corporate social responsibility officers, donors, and nonprofit officials in Zurich, Switzerland. 


fore a curved backdrop depicting a forest, 
Crowther breezed through highlights of his 
work on how nature can help fight climate 
change. The feel was more TED Talk than 
data dump, and he ended his remarks with 
an upbeat message that drew applause. “Un- 
til recently, fighting against climate change 
has always been about things we've got to 
stop—things we shouldn’t do,” he said. “Now, 
we've got positive actions we can take.” 

It’s a message that fits today’s corporate 
zeitgeist. Firms are awakening to climate 
change threats and are eager to support solu- 
tions such as tree planting. They’ve embraced 
Crowther, recruiting him for advisory boards 
and consulting gigs. (Crowther says he gets 
no money from corporations.) But outside 
of conferences where scientists and corpo- 
rate officers swap sustainability pledges and 
business cards, tree-planting projects face a 
tougher reality. Many planted trees don’t live 
long enough to fight climate change, says 
Finkbeiner, who is now at Crowther’s lab. 
Even when trees thrive, they are often cut 
too quickly to affect carbon levels. 

Another problem is that forest restorers 
typically lack scientific expertise in augment- 
ing soil microbial communities to sustain 
and optimize tree growth, says Louise Vet, a 
biologist at NIOO who chairs DOB Ecology’s 
advisory council. Now that Crowther has 
made a splash with global papers, she and 
the foundation directors are pushing him to 
focus on site-specific research that will help 
DOB Ecology’s 11 restoration projects suc- 
ceed. “That’s what I’m expecting from Tom— 
that he bring in some of the knowledge that 
can be used in practice by these partners.” 

Crowther is confident he can do that. He is 
hiring for a team, dubbed RESTOR, that will 
evaluate forest restoration projects through- 
out the tropics and help funnel donor money 
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to well-designed efforts. “We need to go all 
the way there to making it happen,” Crowther 
says. “We can’t just rely on people taking our 
science and doing something with it.” 


EVEN AS CROWTHER sought to put the tree 
paper controversy behind him, a new storm 
hit. Soon after the 20 September publication 
of the Nature profile, social media erupted. 
Some researchers were upset by quotes in 
which Crowther appeared to dismiss the 
value of observational and field studies. “I 
can say, “That bird is flying weirdly—that’s 
not science; that’s what most of ecology is 
at the moment. It’s natural history,’ he is 
quoted as saying. Collecting field data is “the 
simplest thing ever,’ he suggested. Others re- 
acted to the story’s illustrations, including a 
video of Crowther playing smash with three 
white male colleagues, which some saw as 
highlighting a white scientific patriarchy. 

One of the harshest reactions came 
from Katherine Gould, a biologist at Pasa- 
dena City College and Moorpark College in 
California. Crowther was a “boy wonder 
who is funded by a rich family,’ Gould 
tweeted, referring to his lab with a profan- 
ity and calling it a waste of money. Gould’s 
thread received some 500 retweets and 
1500 likes, and sent Crowther and his lab 
into damage-control mode. 

“Tt was horrendous, I was depressed,’ 
Crowther recalls. He even considered leaving 
academia. But he was buoyed by supportive 
tweets from several female lab members. “I’m 
a happy female PhD student supervised by 
an ever engaged and enthusiastic” Crowther, 
tweeted Iris Hordijk, who studies tree demo- 
graphy at ETH. “Coming from a mechanical 
engineering lab, I’ve never seen so many 
women scientists in one lab,’ tweeted Tanja 
Koch, who recently completed a master’s de- 
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gree with Crowther. “And believe me the girls 
love smashing game as well,” she added. 
Crowther himself tweeted, “Just to clar- 
ify, I truly love natural history. That’s why 
I got into ecology. I would never intend to 
criticize the incredible ecologists who do 
amazing work ..” Some of his comments had 
been taken out of context, he protested, but 
apologized for any miscommunication. The 
flap faded, and Gould apologized for her ini- 
tial characterization of Crowther and his lab. 
But she continued to take Crowther to task 
for a “colonial and paternalistic” approach to 
research and his lab’s lack of racial diversity. 
Crowther has acknowledged that un- 
earned privilege that comes from being a 
tall, charismatic, middle-class white man has 
likely played a role in his rapid ascent. “I’ve 
been really fortunate,” he said this summer, 
before the Nature profile appeared. “I do be- 
lieve that my privilege has made me more 
persuasive ... whether it’s writing papers or 
encouraging a really good postdoc to come.” 
Crowther also says he’s “seriously worried 
about” the fact that his senior lab members 
are all men, and says he is emphasizing ef- 
forts to recruit women. He recently hired a 
female postdoc to join the lab’s leadership, 
part of fulfilling a vow to fill at least four of 
the lab’s next five positions with women. 
Whether such efforts will satisfy critics 
remains to be seen. But the back-to-back 
firestorms have convinced Crowther that 
he might need to rethink his exuberant but 
informal style, which has gotten him so far 
so fast. And he has learned twice over a 
lesson that every prominent person learns 
sooner or later: that fame and fortune can 
cut both ways. 


Gabriel Popkin is a journalist based in Mount 
Rainier, Maryland. 
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PLANT BIOLOGY 


Plant hydraulics and agrichemical genomics 


A next-generation synthetic hormone is developed to understand water use in plants 


By George N. Phillips Jr! and 
Michael R. Sussman? 


challenge of continued efforts to 
increase crop yields to feed the ex- 
panding population is that humans 
are competing with crop plants for 
clean water. Treatment of wastewa- 
ter is required not only for drinking, 
but also to water crops. For example, when 
wastewater is used on crops, some vegeta- 
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bles accumulate synthetic contaminants, in- 
cluding antibiotics and psychoactive drugs 
arising in part from personal care products 
and pharmaceuticals disposed in drains (1). 
Ensuring that crop plants grow efficiently 
even when clean water is in short supply is 
crucial to secure food production. On page 
446 of this issue, Vaidya et al. (2), using 
prior knowledge of the structure of a fam- 
ily of plant proteins that play a key role in 
drought tolerance, introduce a new genera- 
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tion of synthetic compounds that may lead 
to reduced water use in agriculture. 
Although animals and plants both need 
clean water, plants use water as a hydrau- 
lic system much like bones and muscles— 
that is, for strength in maintaining an 
erect structure, and for movement of root 
and shoot tissues in response to gravity 
and sunlight. Thus, one of the most impor- 
tant water-associated properties in plants 
is turgor pressure, the force of the plasma 
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membrane against the thick cellulose cell 
wall. In plants, turgor pressure is high 
when the cells have high concentrations of 
osmolytes, such as K* ions. When osmolyte 
concentrations are low, the cells become 
flaccid. Because of the semi-rigid cell wall, 
turgor pressure in plants is a formidable 
force necessary for plant growth and de- 
velopment. A graphic example of this is the 
observation of tree roots disrupting pave- 
ment (see the photo). 

Although the hormone abscisic acid 
(ABA) affects water usage in all plant cells, 
there are two cell types in which it plays es- 
pecially important roles. After fertilization 
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The power of turgor pressure: 
Tree roots can burst through pavement. 


of the ovule by pollen, ABA is responsible 
for regulating the water content of the de- 
veloping embryos as they are desiccated 
naturally on their way to becoming dry 
seeds. This hormone plays an equally im- 
portant role in regulating the water content 
of guard cells in leaves. Guard cells form 
pores (called stomata) in leaves, and these 
holes are the main pathway through which 
water is lost and carbon dioxide (used for 
photosynthesis) enters the plant. The state 
of inflation of guard cells, determined 
through turgor pressure, regulates the size 
of the pore that forms in the space between 
them. ABA and guard cells have thus been a 
major focus of basic and translational plant 
research for many decades. 

Unlike animals, plants use proton gra- 
dients to regulate water pressure at the 
plasma membrane. A protein transporter 
that pumps protons (H*) out of plant cells 
can generate much higher membrane po- 
tentials than are found in animals. This 
provides a huge driving force for the major 
osmolyte, K*, to become concentrated inside 
the cytoplasm via potassium channels (3). 
In touch-sensitive plants, such as Mimosa 
pudica and the Venus flytrap (Dionaea 
muscipula), the rapid movement of plant 
parts generated by touch is driven by an ac- 
tion potential that changes at the millisec- 
ond time scale and leads to rapid collapse 
of the membrane potential and loss of intra- 
cellular K*. This in turn leads to rapid loss 
of water and, consequently, loss of turgor. 
In guard cells, instead of rapid mechano- 
sensitivity-induced turgor changes, slower 
hormone-mediated turgor pressure changes 
occur, which result in opening or closing of 
the stomatal pore. Therefore, engineering 
ABA-like compounds that specifically alter 
guard cell function is a key aspect of cur- 
rent agricultural research to lower water 
loss via stomatal transpiration from plants. 

In a series of landmark discoveries in 
2009 arising from an analysis of Arabidop- 
sis thaliana mutants together with in vitro 
reconstitution and x-ray crystallography, the 
critical early events in ABA perception were 
elucidated (4-10). These studies revealed 
that the ABA receptor family comprises 
small proteins that function in different cell 
types with different affinities for ABA and, 
together with ABA, form a ternary complex 
with a protein phosphatase (4). When ABA 
or its synthetic analogs bind to the receptor, 
a portion of the protein acts as a gate and 
swings down and blocks the active site of 
the phosphatase enzyme. 

The study of Vaidya et al. combined 
chemical genomic screens and synthetic 
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organic chemistry guided by protein crys- 
tal structures to identify a new generation 
of ABA receptor agonists that are active at 
lower concentrations in the two major phy- 
logenetic categories of land plants: dicots 
(such as soybean) and monocots (such as 
wheat). Through a salt bridge to a specific 
lysine in the ABA receptor, the new com- 
pounds add a “lock” to the latch on the 
gate, keeping the phosphatase inhibited. 
This leads to an increase in the phosphoryl- 
ation state of a specific protein kinase that 
initiates a signaling pathway that leads to 
drought tolerance. 

The ABA receptor gene family has 14 
members, each of which is expressed at 
different amounts in different plant tis- 
sues and has different affinities for ABA. 
Therefore, because of this functional re- 
dundancy, finding compounds that bind to 
each of the receptors with different speci- 
ficities and affinity is an important but 
challenging goal for basic research pur- 
poses as well as for future applications in 
lowering water use in agriculture. 

Even though most plants die when their 
water content drops below ~75%, all plant 
cells encode in their DNA the proteins 
that allow their cells to stay alive at 12% 
water content, because plants desiccate 
embryos to form seeds as a natural and 
carefully programmed part of their life cy- 
cle. However, staying alive and producing 
high yields of food even during periods of 
drought are two different outcomes. ABA 
receptor activation controls water dynam- 
ics in all cells of the plant, but the loss of 
water through transpiration via leaf guard 
cells during the noonday sun while carbon 
dioxide is taken up through these same 
pores creates a paradoxical competing sit- 
uation of maximizing crop yields (by pro- 
moting photosynthesis) while minimizing 
water needs. Perhaps an armada of tech- 
nologies that chemically and genetically al- 
ter the various ABA receptors throughout 
the plant can hasten a “blue” revolution in 
water use efficiency that could be as im- 
portant for our future as the green revolu- 
tion that arose from the scientific research 
of decades past. & 
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EVOLUTION 


The treacheries of adaptation 


As fitness rises during adaptive evolution, the cost of 


mutation may escalate as well 


By Craig R. Miller 


ne of Darwin’s great insights was that 

he took the widespread observation 

that organisms are exceptionally 

well-suited to their environment 

and turned it on its head. He argued 

that behind the constructive pro- 
cess of adaptation lies, counterintuitively, 
a destructive one: Progeny with favor- 
able variations obscure the many progeny 
who are less well suited and either do not 
survive or, at best, have fewer offspring. 
This insight—which Darwin owes in part 
to Thomas Malthus and shares with Al- 
fred Wallace—is a cornerstone 
in the theory of evolution by 
natural selection and raises an 
important question in biology: 
What is the nature of the trade- 
off between the capacity for 
adaptation and the cost of pro- 


mutations among offspring is also related 
to curvature; if the vicinity around a geno- 
type is concave in all directions, the costs 
will be small and the genotype is considered 
robust. High robustness occurs when mu- 
tations have little effect on phenotype (7). 
Compared to the uphill terrain, the curva- 
ture of the downslope terrain has been less 
well studied in the context of adaptation. 
Johnson et al. sought to characterize the 
landscape around genetically distinct vari- 
ants by estimating the fitness effect of in- 
sertion mutations in yeast (Saccharomyces 
cerevisiae). They found that most muta- 
tions were deleterious (that is, they reduced 


A fitness landscape with two types of epistasis 
Disruptive insertion mutations have greater deleterious effects on more-fit 
backgrounds, called increasing cost epistasis. By contrast, most adaptation 
experiments show a pattern of diminishing returns epistasis, whereby mutations 
confer smaller benefit as fitness increases. The different curvatures may reflect 


the authors to ask how well a QTL model 
explains fitness effects and compare it to 
models that include background fitness or 
both. They found that the QTL model is 
best for some mutations, the background 
fitness model is best for others, and, for 
most, the best model includes both QTLs 
and background fitness. That QTLs were 
not consistently the best explanation is 
surprising because they were very good at 
explaining variation in quantitative traits 
(8). The implication is that although there 
is an overarching pattern of increasing cost 
epistasis, there is also interesting variation 
at the level of individual mutations. This 
also suggests that models with mechanistic 
underpinnings (6, 9) may be more success- 
ful than simple models of epistasis (10, 11) 
in explaining adaptive evolution. 

The results of Johnson et al. are unex- 
pected because they imply different curva- 
tures of the fitness landscape depending 
on what type of mutations are tested: Ran- 
dom insertion mutations follow a convex 
function on fitness, whereas 
successful beneficial muta- 
tions during adaptation follow 
a concave one (see the figure). 
Although epistasis scales with 
fitness in both cases, the rela- 
tionship is in opposite direc- 
tions. How can this be? The 


ducing less-fit offspring? On 
page 490 of this issue, Johnson 
et al. (1) find that as adaptation 
proceeds and fitness gains are 
expected to diminish, the cost 
of mutation becomes more 
severe. 

The modern framing of ad- 
aptation imagines genotypes 
as hyperdimensional Cartesian 


differences in how deleterious and beneficial mutations are sampled. 


Fitness 


A More-fit 
ke backgrounds 
Increasing cost ———~—____—__>, 
epistasis 
b Diminishing 
returns 


epistasis 


authors argue that increasing 
cost epistasis may arise from 
metabolic flux, whereby a del- 
eterious mutation in a sequen- 
tial pathway has lesser negative 
consequences when other en- 
zymes in the pathway have al- 
ready been adversely affected. 
If low-fitness backgrounds 


coordinates and fitness as the 
elevation above them. This 
gives rise to a fitness landscape 
that a population must traverse 
if it is to adapt (see the figure). 


: iS ful 
The landscape metaphor aids aap” 
visualization of the trade-off. mutations 


The capacity for adaptive evo- 

lution is determined by the 

curvature of the uphill terrain. This cur- 
vature results from how mutations inter- 
act, called epistasis. A wealth of microbial 
evolution experiments (2-6) suggest that 
the uphill curvature is usually concave, 
giving rise to “diminishing returns epista- 
sis” as fitness increases. Thus, the fitness 
effect of a beneficial mutation is not the 
same across backgrounds; it gets smaller 
as background fitness increases. The cost of 
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mutations 


fitness) and had larger deleterious effects 
on higher-fitness backgrounds. They called 
this pattern “increasing cost epistasis.” 
Examining mutations individually, they 
found that most follow the pattern of in- 
creasing cost epistasis. A substantial mi- 
nority, however, either showed the opposite 
pattern (diminishing costs) or no trend at 
all. The same backgrounds were previously 
the subject of quantitative trait loci (QTL) 
mapping (8), whereby genetic differences 
at tens of thousands of sites are used to find 
genome locations associated with measur- 
able (quantitative) traits. This allowed 
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Random insertion 


have less-functional metabolic 
pathways, disruptions through 
mutation can do less dam- 
age. But this argument, when 
reversed, is problematic. It 
implies that beneficial muta- 
tions on higher-flux pathways 
should generate synergies (or 
convex surfaces)—such muta- 
tions are observed (2), but rarely. Part of 
the explanation may be that some adaptive 
mutations in experimental evolution suc- 
ceed by disrupting expendable pathways; 
once such pathways are disrupted, further 
mutations will be of diminishing benefit. 
Indeed, beneficial disruptive mutations are 
not uncommon (5, 12). 

The different curvatures may also reflect 
how mutations are sampled. Insertion 
mutations disrupt random pathways; if 
disrupting a pathway is usually detrimen- 
tal, it will tend to generate increasing cost 
epistasis. To quote the singer-songwriter 
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Townes Van Zandt, “you don’t need no en- 
gine to go downhill.” Conversely, adapta- 
tion is biased. When disruptive mutations 
can confer fitness gains, they will be se- 
lected—even if they return only diminish- 
ing benefit. 

Returning to Darwin’s insight and the 
question of trade-offs in adaptation, the 
study of Johnson et al. suggests that as 
organisms adapt through natural selec- 
tion of beneficial mutations, they will con- 
currently suffer an escalating burden of 
producing less-fit offspring. The authors 
speculate that increasing costs, paired 
with the reality of diminishing gains, may 
arrest adaptation before a fitness opti- 
mum is reached. An important test of the 
authors’ claim will be to assess if increas- 
ing cost epistasis is also observed during 
an adaptive walk, where the genotypes of 
increasing fitness differ by a far smaller 
number of mutations. Moreover, it is un- 
clear how often mutation rates will be high 
enough and beneficial effects small enough 


“,~a$ adaptation proceeds and 
fitness gains are expected to 
diminish, the cost of mutation 
becomes more severe.” 


for the forces to counterbalance. There is 
also accumulating evidence that some bio- 
logical features—gene expression patterns 
and protein stabilization by chaperones, 
for example—are robust, meaning they 
have apparently escaped the treacheries of 
increasing cost epistasis (7). This raises the 
question, how have they done so? 
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Immune cells for microbiota 


surveillance 


Commensal microbes regulate specialized T cells, 
which promote wound healing in skin 


By Julia Oh and Derya Unutmaz 


he immune system has coevolved 

with the microbial community that 

inhabits body surfaces and mucosal 

barriers. Although this commensal 

microbiota is critical for maintaining 

healthy host physiology, it can cause 
pathology when the body surface barri- 
ers are breached. How the immune system 
maintains this homeostasis with microbiota 
remains poorly understood. Specialized im- 
mune cells, called mucosal-associated invari- 
ant T (MAIT) cells, specifically recognize 
and respond to microbial metabolites and 
are thought to be important in microbial 
defense, although their function remains 
unclear. On pages 445 and 494 of this issue, 
Constantinides et al. (1) and Legoux et al. (2), 
respectively, show that commensal bacteria 
control development of MAIT cells in the 
thymus and their expansion within mucosal 
tissues. The development of MAIT cells de- 
pends on a specific developmental window 
of early-life exposure to defined microbial 
communities, and a distinct MAIT cell sub- 
set in the skin promotes wound healing. 

Conventional T cells recognize peptide 
antigens presented by major histocompat- 
ibility complex (MHC) molecules. However, 
MAIT cells are nonclassical T cells because 
they are stimulated by nonpeptide anti- 
gens—specifically, vitamin B2 precursor 
derivatives produced by many bacteria that 
are bound to an MHC-like protein called 
MRI. Several studies suggest that MAIT 
cells play an important role in immunity 
for controlling bacterial, fungal, and viral 
infections (3). MAIT cells have been fur- 
ther implicated in nonmicrobial diseases, 
including autoimmune diseases, and have 
potential roles in tumor immunity. 

The intriguing paucity of MAIT cells in 
germ-free (GF) mice, which are reared in 
microbe-free conditions, suggested that they 
require an established microbiota to develop 
(4). Constantinides et al. and Legoux et al. 
provide extensive evidence that the devel- 
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opment of MAIT cells is tightly linked to 
the availability of the commensal microbial 
derivatives, which enable both their devel- 
opment in the thymus and further tissue- 
specific expansion. In mice, the type and tim- 
ing of microbial colonization also determine 
the MAIT cell frequencies in tissues. These 
findings provide further clues about the high 
variation in the frequency of MAIT cells in 
humans, which can vary by 40-fold (5). 

The findings by Constantinides et al. and 
Legoux et al. emphasize the role of micro- 
bial colonization in early life because they 
identify a specific developmental window 
after birth for MAIT cell education in mice 
(see the figure). In humans, MAIT cells be- 
gin to develop in utero, and all newborns 
are rapidly colonized by a diverse set of 
commensal bacterial species and strains 
(6). Although many bacterial species are 
riboflavin-synthesizing, the synthesis of in- 
termediate metabolites that activate MAIT 
cells may vary in different bacterial species 
(7). Constantinides et al. also found that 
certain bacteria species—such as Entero- 
bacteriaceae, including Proteus and Kleb- 
siella species—were most efficient in MAIT 
cell development, although such interac- 
tions appear to have local constraints. For 
example, P. mirabilis colonization of both 
GF neonates and adults was sufficient to in- 
duce mature MAIT cells in the thymus but 
not in tissues. However, it is not yet known 
how in humans the dynamic nature of the 
microbiota through a lifetime contributes 
to the equally dynamic MAIT cell matura- 
tion and expansion, which is gradual during 
early childhood, peaking in early adulthood 
followed by decline in the elderly (8). Thus, 
in humans, the frequency and tissue lo- 
calization of MAIT cells at different stages 
in life are likely determined both by early 
life imprinting and expansion based on the 
presence of different bacterial species colo- 
nizing the barrier sites. 

A key remaining question is how MAIT 
cells can respond to a diverse set of mi- 
crobiota and yet discriminate pathogenic 
microorganisms from commensals. It ap- 
pears that MAIT cells have acquired di- 
verse functional programs and can tune 
their outputs by integrating both antigen 
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and nonantigen signals from the environ- 
ment. They can produce cytokines that 
are associated with T cell subsets such as 
T helper 1 (T,,1) and T,,17 cells that pro- 
duce proinflammatory cytokines and have 
potent cytotoxic activity toward cells in- 
fected with bacteria (9). Constantinides 
et al. extend this functional diversity by 
demonstrating that MAIT cell subsets 
resident in the skin are endowed with a 
transcriptional program of 
wound healing or tissue re- 
pair, which is distinct from 
MAIT cells in other tissues. 
The surveillance of skin com- 
mensal-derived metabolites 
and the presence of a cyto- 
kine milieu at a skin wound 
or damage possibly trigger 
MAIT cells to induce their 
tissue repair functions. It is 
not yet clear whether these 
transcriptional programs are established 
after migration to the skin or whether 
MAIT cells are preprogrammed. 

On the basis of expression of co-receptors, 
MAIT cells can either express CD4 or CD8 
or can be CD4-CD8° [double negative (DN)] 
(9). Although the role of CD4 and CD8 ex- 
pression in MAIT cell biology 
is unclear, it is curious that 
MAIT cells in mouse skin and 
other barrier sites, such as 
the lungs and gut, are almost 
exclusively DN. Human skin 
also contains CD8* MAIT cells 
(0); thus, it remains unclear 
to what extent DN MAIT cells 
are a separate subset with 
alternative functions and 
whether CD8* MAIT cells in 
human skin are also involved 
in wound repair. 

Commensal skin microbes, 
such as Staphylococcus epi- 
dermidis, have important 
roles in establishing immune 
tolerance in mice, tuning res- 
ident T lymphocyte function 
and inflammatory responses, 
and conferring protective im- 
munity against skin patho- 
gens (JI, 12). They may also 
play a role in triggering MAIT 
cells for local wound healing. 
It is important to note, how- 
ever, that the human skin mi- 
crobiota is both temporally 
and spatially dynamic within 
an individual over a life span, 
largely driven initially by ma- 
ternal inheritance of skin mi- 
crobes (13) and subsequently 
by physiologic maturation 
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“These findings 
are also relevant 
to determining 
the precise role 
of MAIT cells in... 
chronic diseases.” 
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and characteristics of the skin (74). Microbes 
such as S. epidermidis can vary in abun- 
dance and genetic diversity at different skin 
sites. Moreover, some skin microbes such as 
Cutibacterium acnes and many Firmicutes 
have low MAIT cell activation capacity in vi- 
tro or lack the classical riboflavin synthesis 
pathway (7). Whether such differences in the 
abundance or composition of skin-resident 
microbiota correspondingly affect MAIT cell 
activation in skin and alter 
their role in skin wound heal- 
ing and tissue repair will be a 
fascinating sequel. 

Many questions remain 
about how MAIT cells are op- 
timally activated to elicit their 
regional programs in different 
tissues. Moreover, the degree 
of plasticity between differ- 
ent functional states will be 
interesting to understand. An 
important characteristic of MAIT cells is the 
expression of the interleukin-18 receptor (IL- 
18R) during development, which allows their 
stimulation by IL-18, a proinflammatory 
cytokine induced from innate cells during 
infections (4, 9). Cutaneous MAIT cells also 
express IL-18R, and neutralizing IL-18 reduces 


Microbiota regulate MAIT cell development and function 
Mucosal-associated invariant T (MAIT) cell development in the thymus and migration 
to the skin are initiated by bacteria-derived riboflavin antigens. Resident cutaneous 
MAIT cells are activated by a combination of bacteria-derived antigens displayed by MR1- 
expressing antigen-presenting cells (APCs) and cytokines [such as interleukin-12 (IL-12) 
and IL-18] that are released locally. Activated MAIT cells then release factors that promote 
skin repair. MR1, MHC-related protein 1. 
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the MAIT cell response to S. epidermidis, in- 
dicating that although MAIT cell response 
is strictly antigen stimulation-dependent, 
IL-18 cosignaling was also required for their 
optimal expansion (J). Given that MAIT cells 
in the skin and mucosal tissues may be in 
constant proximity to microbial antigens, the 
question becomes, why are they not chroni- 
cally activated? The answer may lie in un- 
derstanding both environmental and genetic 
regulation of the production of stimulatory 
metabolites by microbes and other envi- 
ronmental signals from cytokines or other 
bacterial products such as Toll-like receptor 
ligands, either directly or through the stimu- 
lation of antigen-presenting cells. 

The striking observations from Constan- 
tinides et al. and Legoux et al. that the mi- 
crobiota serve as an important regulator of 
MAIT cell thymic development, abundance, 
and tissue specificity provide a framework to 
understand their tremendous dynamic range 
between individuals during life. These find- 
ings are also relevant to determining the pre- 
cise role of MAIT cells in infections, tumor 
immunity, and chronic diseases. It is in some 
ways ingenious that the immune system uses 
microbiota to decide the quality and quantity 
of MAIT cells, which in turn determine the 
surveillance and homeostasis 
of the microbial ecosystem. 
This personalized MAIT cell 
frequency and function is dis- 
rupted during aging, certain 
chronic infections such as 
HIV, and other chronic dis- 
eases. Whether manipulating 
the microbiota can reconsti- 
tute such personalized func- 
tionality warrants further 
investigation. | 
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SOCIAL SCIENCE 


Racial bias in cost 

data leads an algorithm 
to underestimate 
health care needs of 
Black patients. 


Assessing risk, automating racism 


A health care algorithm reflects underlying racial bias in society 


By Ruha Benjamin 


s more organizations and indus- 

tries adopt digital tools to identify 

risk and allocate resources, the au- 

tomation of racial discrimination is 

a growing concern. Social scientists 

have been at the forefront of study- 
ing the historical, political, economic, and 
ethical dimensions of such tools (7-3). But 
most analysts do not have access to widely 
used proprietary algorithms and so can- 
not typically identify the precise mecha- 
nisms that produce disparate outcomes. 
On page 447 of this issue, Obermeyer et 
al. (4) report one of the first studies to 
examine the outputs and inputs of an al- 
gorithm that predicts health risk, and in- 
fluences treatment, of millions of people. 
They found that because the tool was de- 
signed to predict the cost of care as a proxy 
for health needs, Black patients with the 
same risk score as White patients tend to 
be much sicker, because providers spend 
much less on their care overall. This study 
contributes greatly to a more socially con- 
scious approach to technology develop- 
ment, demonstrating how a seemingly 
benign choice of label (that is, health cost) 
initiates a process with potentially life- 
threatening results. Whereas in a previous 
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era, the intention to deepen racial inequi- 
ties was more explicit, today coded ineq- 
uity is perpetuated precisely because those 
who design and adopt such tools are not 
thinking carefully about systemic racism. 

Obermeyer e¢ al. gained access to the train- 
ing data, algorithm, and contextual data for 
one of the largest commercial tools used by 
health insurers to assess the health profiles 
for millions of patients. The purpose of the 
tool is to identify a subset of patients who re- 
quire additional attention for complex health 
needs before the situation becomes too dire 
and costly. Given increased pressure by the 
Affordable Care Act to minimize spending, 
most hospital systems now utilize predictive 
tools to decide how to invest resources. In 
addition to identifying the precise mecha- 
nism that produces biased predictions, Ober- 
meyer et al. were able to quantify the racial 
disparity and create alternative algorithmic 
predictors. 

Practically speaking, their finding means 
that if two people have the same risk score 
that indicates they do not need to be enrolled 
in a “high-risk management program,” the 
health of the Black patient is likely much 
worse than that of their White counterpart. 
According to Obermeyer e¢ al., if the predic- 
tive tool were recalibrated to actual needs 
on the basis of the number and severity of 
active chronic illnesses, then twice as many 
Black patients would be identified for inter- 
vention. Notably, the researchers went well 
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beyond the algorithm developers by con- 
structing a more fine-grained measure of 
health outcomes, by extracting and clean- 
ing data from electronic health records to 
determine the severity, not just the number, 
of conditions. Crucially, they found that so 
long as the tool remains effective at pre- 
dicting costs, the outputs will continue to 
be racially biased by design, even as they 
may not explicitly attempt to take race into 
account. For this reason, Obermeyer et al. 
engage the literature on “problem formula- 
tion,’ which illustrates that depending on 
how one defines the problem to be solved— 
whether to lower health care costs or to 
increase access to care—the outcomes will 
vary considerably. 

To grasp the broader implications of the 
study, consider this hypothetical: The year 
is 1951 and an African American mother of 
five, Henrietta Lacks, goes to Johns Hopkins 
Hospital with pain, bleeding, and a knot 
in her stomach. After Lacks is tested and 
treated with radium tubes, she is “digitally 
triaged” (2) using a new state-of-the-art risk 
assessment tool that suggests to hospital 
staff the next course of action. Because the 
tool assesses risk using the predicted cost 
of care, and because far less has commonly 
been spent on Black patients despite their 
actual needs, the automated system un- 
derestimates the level of attention Lacks 
needs. On the basis of the results, she is 
discharged, her health rapidly deteriorates, 
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and, by the time she returns, the cancer has 
advanced considerably, and she dies. 

This fictional scenario ends in much the 
same way as it did in reality, as those familiar 
with Lacks’s story know well (5-7). But rather 
than getting assessed by a seemingly race- 
neutral algorithm applied to all patients in 
a colorblind manner, she was admitted into 
the Negro wing of Johns Hopkins Hospital 
during a time when explicit forms of racial 
discrimination were sanctioned by law and 
custom—a system commonly known as Jim 
Crow. However, these are not two distinct 
processes, but rather Jim Crow practices feed 
the “New Jim Code”’—automated systems that 
hide, speed, and deepen racial discrimination 
behind a veneer of technical neutrality (1). 

Data used to train automated systems are 
typically historic and, in the context of health 
care, this history entails segregated hospital 
facilities, racist medical curricula, and un- 
equal insurance structures, among other fac- 
tors. Yet many industries and organizations 
well beyond health care are incorporating 
automated tools, from education and bank- 
ing to policing and housing, with the prom- 
ise that algorithmic decisions are less biased 
than their human counterpart. But human 
decisions comprise the data and shape the 
design of algorithms, now hidden by the 
promise of neutrality and with the power to 
unjustly discriminate at a much larger scale 
than biased individuals. 

For example, although the Fair Housing 
Act of 1968 sought to protect people from 
discrimination when they rent or buy a 
home, today social media platforms allow 
marketers to explicitly target advertisements 
by race, excluding racialized groups from 
the housing market without penalty (8). Al- 
though the federal government brought a 
suit against Facebook for facilitating digital 
discrimination in this manner, more recently 
the U.S. Department of Housing and Urban 
Development introduced a rule that would 
make it harder to fight algorithmic discrimi- 
nation by lenders, landlords, and others in 
the housing industry. And unlike the algo- 
rithm studied by Obermeyer et al., which 
used a proxy for race that produced a racial 
disparity, targeted ads allow for explicit ra- 
cial exclusion, which violates Facebook’s 
own policies. Yet investigators found that the 
company continued approving ads excluding 
“African Americans, mothers of high school 
kids, people interested in wheelchair ramps, 
Jews, expats from Argentina and Spanish 
speakers,” all within minutes of an ad sub- 
mission (8). So, whether it is a federal law or 
a company policy, top-down reform does not 
by itself dampen discrimination. 

Labels matter greatly, not only in algo- 
rithm design but also in algorithm analysis. 
Black patients do not “cost less,” so much as 
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they are valued less (9). It is not “something 
about the interactions that Black patients 
have with the healthcare system” that leads 
to poor care, but the persistence of structural 
and interpersonal racism. Even health care 
providers hold racist ideas, which are passed 
down to medical students despite an oath 
to “do no harm” (J0). The trope of the “non- 
compliant (Black) patient” is yet another way 
that hospital staff stigmatize those who have 
reason to question medical authority (J/, 72). 
But a “lack of trust” on the part of Black pa- 
tients is not the issue; instead, it is a lack of 
trustworthiness on the part of the medical in- 
dustry (73). The very designation “Tuskegee 
study” rather than the official name, U.S. Pub- 
lic Health Service Syphilis Study at Tuskegee, 
continues to hide the agents of harm. Ober- 
meyer et al. mention some of this context, but 
passive and sanitized descriptions continue 
to hide the very social processes that make 
their study consequential. Labels matter. 

As researchers build on this analysis, it 
is important that the “bias” of algorithms 
does not overshadow the discriminatory 
context that makes automated tools so 
important in the first place. If individuals 
and institutions valued Black people more, 
they would not “cost less,” and thus this tool 
might work similarly for all. Beyond this 
case, it is vital to develop tools that move 
from assessing individual risk to evaluat- 
ing the production of risk by institutions so 
that, ultimately, the public can hold them 
accountable for harmful outcomes. 


REFERENCES AND NOTES 


1. R. Benjamin, Race After Technology: Abolitionist Tools 
for the New Jim Code (Polity Press, 2019). 

2. \.Eubanks, Automating Inequality: How High-Tech Tools 
Profile, Police, and Punish the Poor (St. Martin’s Press, 
2018). 

3. S.Noble, Algorithms of Oppression: How Search Engines 
Reinforce Racism (NYU Press, 2018). 

4. Z.Obermeyer, B. Powers, C. Vogeli, S. Mullainathan, 
Science 366, 447 (2019). 

5. K.Holloway, Private Bodies, Public Texts: Race, Gender, 

anda Cultural Bioethics (Duke Univ. Press, 2011). 
. H.Landecker, Sci. Context 12, 203 (1999). 
. R.Skloot, The Immortal Life of Henrietta Lacks 
(Broadway Books, 2011). 
8. J.Angwin, A. Tobin, M. Varner, “Facebook (still) letting 
housing advertisers exclude users by race,” ProPublica, 
21 November 2017; www.propublica.org/article/ 
facebook-advertising-discrimination-housing-race-sex- 
national-origin. 
9. E.Glaude Jr., Democracy in Black: How Race Still 

Enslaves the American Soul (Crown Publishers, 2016). 

10. K.M. Bridges, Reproducing Race: An Ethnography of 
Pregnancy as a Site of Racialization (Univ. California 
Press, 2011). 

11. A.Nelson, Body and Soul: The Black Panther Party 
and the Fight Against Medical Discrimination (Univ. 
Minnesota Press, 2011). 

12. H.Washington, Medical Apartheid: The Dark History 
of Medical Experimentation on Black Americans from 
Colonial Times to the Present (Harlem Moon, Broadway 
Books, 2006). 

13. R. Benjamin, People’s Science: Bodies and Rights on the 
Stem Cell Frontier (Stanford Univ. Press, 2013). 


ND 


10.1126/science.aaz3873 


Published by AAAS 


BATTERY TECHNOLOGY 


The coming 
electric vehicle 
transformation 


A future electric transporta- 
tion market will depend on 
battery innovation 


By George Crabtree’ 


lectric vehicles are poised to trans- 

form nearly every aspect of transporta- 

tion, including fuel, carbon emissions, 

costs, repairs, and driving habits. The 

primary impetus now is decarboniza- 

tion to address the climate change 
emergency, but it soon may shift to eco- 
nomics because electric vehicles are antici- 
pated to be cheaper and higher-performing 
than gasoline cars. The questions are not 
if, but how far, electrification will go. What 
will its impact be on the energy system and 
on geoeconomics? What are the challenges 
of developing better batteries and securing 
the materials supply chain to support new 
battery technology? 

The signs of vehicle electrification are 
growing. By 2025, Norway aims to have 
100% of its cars be either an electric or 
plug-in hybrid unit, and the Netherlands 
plans to ban all gasoline and diesel car 
sales by the same year. By 2030, Germany 
plans to ban internal combustion engines, 
and by 2040, France and Great Britain aim 
to end their gasoline and diesel car sales. 
The most aggressive electric vehicle tar- 
gets are those set by China, which has al- 
most half the global electric vehicle stock 
and where 1.1 million electric vehicles were 
sold in 2018. Europe and the United States 
each have just over 20% of the global stock, 
with electric car sales of 380,000 and 
375,000 units, respectively, in 2018 (J, 2). 

How far electrification will go depends 
primarily on a single factor—battery tech- 
nology. In comparing electric with gasoline 
vehicles, all the downsides for electric arise 
from the battery. Purchase price, range, 
charging time, lifetime, and safety are all 
battery-driven handicaps. On the upside, 
electric vehicles have lower greenhouse gas 
emissions, provided the electricity grid that 
supports them is powered by renewable 
energy [the renewable share of global elec- 
tricity is up from 22% in 2001 to 33% today 
(3), with Europe at 36%, China at 26%, and 


sciencemag.org SCIENCE 


PHOTO: YOKO AZIZ/GETTY IMAGES 


| 
wENTOETE USTED? 4 | 
I 


An eléctric carin Milan, Italy, gets charge 
Grid-connected renewable energy systems, improved! 


_ energy storage, and new battery technology 


will accelerate the electrification of transportation. 


the United States at 18% (4)]. Moreover, the 
operation and maintenance costs of electric 
vehicles are substantially lower than for gas- 
oline cars. Today, for high-mileage cars such 
as taxis, which typically travel 70,000 miles/ 
year, the total cost of ownership of an electric 
vehicle, including purchase price, insurance, 
fuel, and maintenance, is much lower than 
for a gasoline car. This means that govern- 
ment and commercial fleets used for local 
service likely will convert to electric to save 
money, a major step in the electrification 
trajectory. To reach cost parity with personal 
gasoline cars, which typically travel 12,000 to 
15,000 miles/year, battery prices must decline 
to near $100/kWh from the present value of 
$180 to $200/kWh. Projections of the year of 
cost parity for electric vehicles with gasoline 
cars globally range from 2022 to 2026 (5, 6). 
At that point, economics could well take over 
as the primary impetus for electrification, 
and electric vehicles would then be on a path 
to transportation dominance. 
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IMPACT ON ENERGY SYSTEM 

Electric vehicles will need to be charged 
from the grid, which may create as much as 
a 20 to 38% increase in electricity demand 
by 2050 (7). In developed countries, this 
should provide revenue for utilities to ac- 
celerate transformation to a grid-connected 
renewable energy system with extensive 
energy storage and to digital energy man- 
agement. In developing countries, the in- 
creased electricity demand could spur the 
first-time installation of modern grids that 
are unencumbered by the legacy of the 
older, less functional grids of the developed 
world. Beyond electricity, electric vehicles 
require a massive rollout of charging sta- 
tions, which could stimulate local economic 
and job growth. 

Electric vehicles also should bring a wel- 
come flexibility to the energy system. Untied 
from oil and gasoline, they would run on 
whatever powers the grid—sunlight, wind, 
natural gas, nuclear power, or hydropower. 
This removes a fundamental dependence of 
transportation on oil, including substantial 
amounts of foreign oil in many countries. 
Electricity is fundamentally a local prod- 
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uct, not amenable to long-distance trade, 
so domestic economies should reap the eco- 
nomic and job benefits now held by foreign 
oil interests. The unification of transporta- 
tion with electricity creates new horizons 
of opportunity for the grid as well. Electric 
vehicles are a readily available distributed 
energy resource of at least 1000 GWh, which 
represents 10% of the battery capacity of 100 
million vehicles, each with a 100-kWh bat- 
tery. The potential of this distributed energy 
resource for demand response and for grid 
storage has not yet been seriously explored. 


IMPACT ON GEOECONOMICS 

The electrification of transportation is a wa- 
tershed moment in energy economics. For 
more than a century, oil has been the life- 
blood of transportation, and the oil indus- 
try has grown steadily as transportation has 
expanded with industrialization and rising 
standards of living. But oil is abundant in 
relatively few countries, and these countries 
assume outsized geoeconomic importance 
because oil for transportation is a critical 
societal need. By contrast, sunlight and 
wind are available everywhere, and electric- 
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ity generation is mostly a domestic enter- 
prise. The electrification of transportation 
means that oil will lose one of its critical 
markets—and with it some of its interna- 
tional economic and political power. 

What will replace oil as the lifeblood of 
transportation? The electrification of trans- 
portation creates a new commodity—not 
electricity, which is already established and 
abundant around the world, but battery 
technology. The battery is the key to electric 
transportation, the focal point for progress, 
and the open opportunity to determine the 
future of electric vehicles. Battery innovation 
is needed to achieve lower purchase price, 
faster charging, longer range, extended life- 
time, and greater safety. These challenges 
do not yet have obvious solutions, but those 
who discover them will have substantial 
power in the battery marketplace. 


BATTERY DEVELOPMENT 

One of the most promising and disruptive 
battery innovations is the combination of 
lithium metal anodes and solid-state elec- 
trolytes. Every atom of a lithium metal an- 
ode can store and release energy during the 
charge-discharge cycle, whereas in graphite 
anodes now used in lithium-ion batteries, 
only 14% of the atoms (one lithium for every 
six carbons) can store or release energy. The 
greater capacity of the lithium metal anode 
could approximately double the energy den- 
sity of the lithium-ion battery, extending the 
driving range of electric vehicles to compete 
with gasoline cars. 

Solid-state electrolytes bring several ad- 
vantages to lithium-ion batteries (8). They 
are not flammable, eliminating the primary 
safety hazard of lithium-ion batteries—the 
thermal runaway reaction that causes bat- 
teries to burst into flames if their tempera- 
ture exceeds about 150°C. Some solid-state 
electrolytes, including sulfides such as Li,S- 
P,S, (LPS) and garnets such as Li,La,Zr,O,, 
(LLZO), have high lithium-ion conductivity 
at room temperature, enabling the high- 
power performance needed for fast charg- 
ing. Solid-state electrolytes conduct heat 
better than liquid electrolytes, protecting 
against the development of “hot spots” that 
trigger degradation and shorten battery 
life. In addition, the mechanical rigidity of 
solid-state electrolytes can block the growth 
of dendrites that form on the lithium metal 
anode surface and grow across liquid elec- 
trolytes to the cathode, shorting out the bat- 
tery. These benefits of solid-state electrolytes 
are balanced by still-unresolved research 
challenges, including narrow working volt- 
age windows, high reactivity with lithium 
anodes, and long-term stability. 

There is now an intense drive to de- 
velop lithium metal anodes and solid-state 
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electrolytes spanning academic, govern- 
ment, and industrial laboratories. Toyota 
announced its intention to have batteries 
with lithium anodes and solid-state elec- 
trolytes ready for electric vehicles by the 
early 2020s (9). The combination of lithium 
metal anodes with solid-state electrolytes 
would mark the first disruptive step in lith- 
ium-ion battery development, breaking a 
three-decade pattern of steady incremental 
advances in performance and cost (10). 


MATERIAL SUPPLY CHAINS 
Lithium, cobalt, manganese, nickel, and 
graphite are essential for battery technol- 
ogy, and some of these elements are found in 
only a few places in the world, not unlike oil 
(11, 12). The expected rapid increase in elec- 
tric vehicle sales could threaten the supply 
chains for lithium, cobalt, and graphite in the 
short term because of the time required to 
ramp up new materials production and the 
relative scarcity of geographic sources. In the 
longer term, there are adequate resources in 
Earth’s crust if lithium-ion batteries are re- 
cycled. Currently, less than 5% of Li-ion bat- 
teries are recycled, compared to more than 
99.5% of lead-acid batteries. (13) Research 
and development to develop Li-ion battery 
recycling technology is an urgent need. 
Batteries and their supply chains are the 
new oil; leadership in the battery and elec- 
tric vehicle market requires strategically se- 
curing not only battery technology but also 
the battery materials supply chain. Recycling 
can play a substantial role in securing the 
supply chain for lithium-ion batteries, lower- 
ing costs by as much as 20% and supplying 
as much as 50% of the required materials 
(72). The nation or region that leads battery 
technology and secures its supply chain will 
have outsized influence on geoeconomics 
and world development. 


GLOBAL LANDSCAPE 

Europe has grasped the electric vehicle op- 
portunity, driven by its strict carbon emis- 
sion requirements for future vehicles. The 
United States, by contrast, has proposed 
weakening its carbon emission require- 
ments, and target dates for electrification of 
transportation are correspondingly farther 
out. In the International Energy Agency’s 
New Policy Scenario (J), electric vehicles are 
projected to reach 26% of new car sales in 
Europe by 2030, but only 8% in the United 
States. China slightly leads Europe, with a 
28% share of electric vehicles in 2030. In ad- 
dition, China has moved strategically to se- 
cure its battery supply chain (//, 12). China 
now has the largest electrical vehicle mar- 
ket and the largest battery manufacturing 
enterprise in the world, amounting to 60% 
of the global capacity (J4). It is well posi- 
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tioned to benefit economically and _politi- 
cally from the coming global electrification 
of transportation. 

The electrification of transportation is far 
from complete. Buses, long-haul trucking, air 
taxis, and regional flight (75) remain relatively 
untapped opportunities. Batteries still must 
overcome challenges in cost, range, charging 
speed, safety, and lifetime for electric vehicles 
to dominate the market. Recycling is critical 
to sustainable supply chains but is still in its 
infancy. There are enormous opportunities 
for innovation in discovering solutions to 
these fundamental challenges. The innovat- 
ing countries and regions will reap enduring 
economic and geopolitical benefits. 
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ECOLOGY 


Earthworms’ place on Earth 


A new study provides a global view of earthworm ecology 


By Noah Fierer 


fter revolutionizing our understand- 
ing of life on Earth, Charles Darwin 
studied earthworms. In 1881, he pub- 
lished his last scientific book, a trea- 
tise on earthworms (1) whose sales 
at the time rivaled those of On the 
Origin of Species. Nearly 140 years later, en- 
thusiasm for earthworms persists, fueled by 
the recognition of their importance in terres- 
trial systems as different as backyards and 
tropical rainforests. On page 
480 of this issue, Phillips et 
al. document an impressive 
group effort by 141 research- 
ers from 35 countries to de- 
velop a global-scale atlas of 


earthworms (2). Darwin’s 
legacy continues. 
Earthworms, as ecosys- 


tem engineers by nature (3), 
influence the structure and 


that were left devoid of earthworms after 
the last glacial period. As these earthworm- 
free ecosystems became colonized by exotic 
earthworm species, the forests quickly lost 
the thick litter layers blanketing the soil 
surface, with corresponding shifts in soil 
carbon and nitrogen dynamics (5). Earth- 
worm invasion can, in turn, cause drastic 
shifts in plant communities, often leading 
to the replacement of diverse understory 
herbaceous and tree seedling communities 
with lower-diversity plant communities (6). 


Earthworm ecology 
Shown are three main ecological categories of earthworms and examples of resident 
earthworm species. Not all species fall neatly into these categories, as some earthworms can 
vary their burrowing and feeding preferences depending on life stage and soil conditions. 


Geen 


Lumbricus terrestris 


Dendrobaena 
octaedra 


Allolobophora 
chlorotica 


Despite their clear importance in ter- 
restrial ecosystems, there have been sur- 
prisingly few attempts to describe the 
global biogeographical patterns of earth- 
worms. Unlike many aboveground plant 
and animal taxa that have been studied 
at the global scale for decades, ecologists 
have had only an anecdotal understand- 
ing of how the diversity and abundances 
of earthworms vary on Earth. The Phillips 
et al. study takes an important step toward 
addressing this knowledge gap. 

The authors surveyed ~7000 sites in 
56 countries and documented a variety 
of earthworm distribution patterns. Some 
were in line with expectations garnered 
from the way aboveground taxa commonly 
are distributed on Earth. For example, cli- 
matic variables (namely precipitation and 
temperature) were the best predictors of 
earthworm diversity and 
biomass, which is also true 
for many aboveground taxa. 
However, other earthworm 
patterns contrasted with 
preexisting paradigms in 
the field of biogeography. 
For example, unlike many 
plant and animal taxa (8), 
the diversity of earthworms 
is not necessarily highest 


functioning of terrestrial 
ecosystems. Through their 
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burrowing activities, earth- 
worms promote the stabili- 
zation of soil particles into 
aggregates, increase soil po- 
rosity, and elevate the rates 
at which water infiltrates 
soil during rainfall; reduce 
erosion of surface soils from 
hillslopes; and _ accelerate 
the movement of gases into 
or out of soil. Referred to by 
Aristotle as Earth’s intestines, earthworms 
accelerate organic matter decomposition 
by ingesting more than 30 times their own 
weight in soil per day and can rapidly mix 
large amounts of leaf litter into underly- 
ing soil horizons, increasing the release 
of plant nutrients. The presence of earth- 
worms typically enhances plant growth, 
including that of most crops, but the mag- 
nitude of this effect varies depending on 
the plant and earthworm species in ques- 
tion (4). 

A striking example of the impact that 
earthworms can have on ecosystems comes 
from studies of temperate and boreal forests 


vertical b 
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Earthworms are found in both managed 
and unmanaged soils worldwide and can be 
surprisingly abundant. A single square me- 
ter can contain more than 150 individual 
earthworms with a collective biomass that 
can exceed 1500 kg per hectare (roughly 
equivalent to the weight of two adult cat- 
tle). Earthworms are also highly diverse, 
with at least 7000 described species and 
many more likely awaiting description. 
Their taxonomic diversity is matched by 
their morphological and ecological diver- 
sity. Earthworms can range in length from 
just a few centimeters to 3 m (e.g., the 
endangered Megascolides australis) and 
can be grouped into general categories on 
the basis of their feeding preferences and 
burrow architectures, which contribute to 
species-specific effects on soil properties 
(see the figure) (7). 
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might not be considered a 
hotspot of plant or animal 
diversity, but it is a veritable 
earthworm paradise, with 
soils harboring some of the 
highest diversity and abun- 
dances of earthworms. 
Scientific studies are also 
just as useful for inform- 
ing researchers of what they 
don’t know. When it comes to 
earthworms, data show that there is a clear 
need for more investigations of diversity in 
particular regions. Although tropical soils ap- 
pear to have lower earthworm diversity than 
higher-latitude soils and a greater degree of 
endemism (i.e., few taxa shared across sites), 
this pattern might be a product of the paucity 
of earthworm biologists working in tropical 
regions. In addition, although the work by 
Phillips et al. demonstrates that earthworm 
distributions are highly sensitive to climate, 
it remains unclear how earthworms in soils 
across the globe will respond to ongoing cli- 
mate change and what such responses might 
mean for the functioning of terrestrial eco- 
systems. Likewise, the local-scale impacts of 
land-use changes (including pesticide use, 
tilling, and other agricultural practices) were 
not the focus of the new study, although 
ecologists know that such disturbances can 
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profoundly alter earthworm populations (9). 
Given the role of earthworms as ecosystem 
engineers, changes in their diversity and 
distributions clearly warrant further investi- 
gation. Phillips et al. provide a roadmap to 
guide such investigations. 

The new study also adds to ongoing ef- 
forts to document the diversity of other 
soil organisms, including bacteria (10), 
fungi (17), and nematodes (12). These 
studies are fueled, in part, by the increas- 
ing recognition that soil biodiversity is of 
under-recognized importance to human 
and ecosystem health. For these reasons, 
the Global Soil Biodiversity Initiative (73) 
is leading international efforts to gather 
the scientific knowledge needed to guide 
and promote the conservation of soil bio- 
diversity. Because soil communities are not 
necessarily mirror images of aboveground 


“to understand how terrestrial 
ecosystems will shift in 
response to human activities, 
ecologists must learn which 
soil organisms live where, 
and what functions they serve...” 


communities, conservation policies de- 
signed to protect the more visible above- 
ground plants and animals might fail to 
adequately protect the biological diversity 
hidden beneath our feet. To know how to 
maximize crop production in agroecosys- 
tems, sequester more carbon in soil, or 
to understand how terrestrial ecosystems 
will shift in response to human activities, 
ecologists must learn which soil organisms 
live where, and what functions they serve 
in their respective ecosystems. Otherwise, 
we might not recognize what has been lost 
before it is too late. 
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BATTERIES 


How lithium dendrites form 
in liquid batteries 


Studies of interfacial reactions and mass transport may 
allow safe use of lithium metal anodes 


By Jie Xiao 


onventional rechargeable lithium 

(Li)-ion batteries generally use 

graphite as the anode, where Li ions 

are stored in the layered graphite. 

However, the use of Li metal as the an- 

ode is now being reconsidered. These 
next-generation battery technologies could 
potentially double the cell energy of conven- 
tional Li-ion batteries (7). Rechargeable Li 
metal batteries were commercialized more 
than four decades ago but were in use only 
briefly because of safety concerns (2). With 
the advancements of electrolyte (3, 4), elec- 
trode architecture (5), and characterization 
techniques (6) in recent years, a better fun- 
damental understanding of the interfacial re- 
actions during charging and discharging that 
dictate cell performance has developed and 
inspired a reevaluation of the use of Li metal 
anodes in rechargeable batteries. 

The main challenge of Li metal cells is that 
during charging, the Li metal electrochemi- 
cally plates in an irregular manner, form- 
ing spiky microstructures, like other metals 
electroplated from solution, in the absence 
of “levelers” or “brighteners.” Without these 
added organic compounds, whose presence 
results in a smoother, brighter metal surface, 
the metals are always dendritic or powdery 
(7). Metal dendrite formation is rooted in the 
mass transport of the metal cations, which 
are surrounded by solvent molecules and 
must move from bulk electrolyte to the outer 
limit of the electrical double layer near the 
electrode, followed by electro-adsorption. 
The solvated cations then shed the solvent 
molecules and are reduced into adsorbed 
atoms (adatoms) on the electrode surface. 
These adatoms diffuse on the surface and be- 
come incorporated by the metal lattice. 

Mass transfer of metal cations in the 
electrolyte phase largely determines the 
final morphologies of electroplated met- 
als, even if this process is often ignored in 
discussions of Li dendrite formation. Three 
forms of mass transport affect the cations in 
solution, namely diffusion, convection, and 
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migration (see the figure). During electro- 
reduction, the direction of cation diffusion 
aligns with their electromigration pathway. 
However, natural convection is unavoidable 
and unpredictable even in a static electro- 
chemical cell (one with no net flow) and 
interferes with this process. Thus, some cat- 
ions will move faster or slower than others, 
which creates different concentration gradi- 
ents near the electrode (see the figure, top). 
Assuming that the electrochemical deposi- 
tion rate of cations is not very fast and stays 
the same throughout the entire electrode and 
that there is no interface layer formed be- 
tween electrode and liquid electrolyte, a very 
slow movement of cations to the electrode 
surface can make the concentration gradi- 
ent even steeper because cations are not fully 
replenished immediately after electroplat- 
ing (see the figure, middle). Metal dendrites 
propagate into bulk electrolyte where more 
cations are available. The metal protrusion 
also experiences higher current densities, 
which self-accelerates the dendrite to grow. 
If the cations move very fast in the electro- 
lyte, the concentration gradient near the elec- 
trode is shallower (see the figure, bottom), 
and the metal has no preferred growth direc- 
tion. Relatively large particles without sharp 
protrusion are usually formed when mass 
transport is not a concern. Once an electro- 
plated metal particle becomes sufficiently 
large, it acts as a new current collector that 
can grow its own dendrites on the surface (8). 
The observation of randomly formed fibrous 
Li extending out from a Li particle reflects the 
different convection conditions within that 
area during Li plating. When a high current 
density is applied, electrochemical reduction 
or the consumption rate of Li ions is largely 
accelerated. Thus, the diffusion rate of Li ions 
in the electrolyte becomes relatively slower 
compared to their rate of being consumed. 
Strong concentration gradients are easily es- 
tablished throughout the entire electrode, so 
the metal deposition is usually highly inho- 
mogeneous at high current densities. 
Because Li metal reacts with the organic 
solvent of the electrolyte, the decomposi- 
tion products form solid-electrolyte inter- 
phase (SED layers, and the higher surface 
areas of dendritic Li are even more reactive. 
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Insulating SEI layers worsen the uneven 
distribution of the electrical field within the 
anode and induce more dendrites to grow. 
The reaction between electrolyte and den- 
dritic Li consumes electrolyte irreversibly, 
and the accumulation of insulating SEI lay- 
ers produces “dead” Li that completely loses 
electronic contact with the anode (9). Direct 
stripping of Li “roots” during discharge can 
also disconnect and detach Li particles 
from the anode surface. 

In cells, electrolyte and Li metal sources 
are both extremely limited (one magnitude 
less than in lab coin-cell tests). Both electro- 
lyte and Li are quickly used up because of 
continuous side reactions between the two, 
and this degradation process sometimes oc- 
curs before short-circuiting caused by den- 
drite formation (9). Unlike Li-ion batteries, 
which usually display a gradual capacity that 
fades upon cycling, a sudden capacity drop 
(to almost zero) without any warning is often 
seen in Li metal batteries, an indicator of Li 
or electrolyte drainage or SEI-layer imped- 
ance buildup, or both. If a Li dendrite con- 
tinues to grow without interruption, it will 
eventually penetrate the separator and cause 
an internal short. To induce the growth of a 
Li dendrite strong enough to short the cell, a 
high current density itself is insufficient. The 
total time of applying such a high current 
density also matters to short the cell. 

An effective methodology needs to be de- 
veloped to decouple the shorting phenom- 
enon with the short cycle life of Li metal. 
One approach to promote the homogeneous 
electroplating of Li metal is to increase elec- 
trolyte concentration, which helps smoothen 
the average concentration gradients near the 
electrode surface (10). Not all concentrated 
electrolytes will work because the quality 
of SEI layers, such as the ionic conductivity 
and film impedance of itself derived from 
the electrolyte, also matters. The high vis- 
cosity of concentrated electrolyte will also 
limit its practical applications. A porous SEI 
layer should be avoided because it will retard 
ion diffusion toward the metal surface, ac- 
celerating establishment of a concentration 
gradient. The recently reported localized 
concentrated electrolyte contains solvent 
that reacts with Li to form a protective film 
(11). This reaction helped reduce unnecessary 
contact (and side reactions) between Li and 
solvent molecules. 

In flow batteries (12), accelerated ion 
transport in the bulk electrolyte leads to 
the deposition of Li metal with much larger 
particle sizes (lower surface area). Pulse 
plating (73) provides time to relax the dif- 
fusion layer and slow down the evolution 
of a strong concentration gradient. Incor- 
poration of a three-dimensional conductive 
matrix to host a Li metal anode decreases 
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Electrodeposition of 

lithium (Li) ions 

Mass transport of Li ions by diffusion, convection, 
and electromigration govern how Li metal is 
deposited during battery charging. The description 
below assumes there is no interface layer and 

the electroplating rate of Li is the same across the 
entire electrode. 


Plating unevenly 

After electrodeposition, the surface of the Li metal 
is uneven because, locally, the mass transfer rate of 
Liions (blue) varies. 


+) 


Li metal 


A matter of ion concentration 
Schematic plots are shown for gradients in Li ion 
concentration, [Li*], and corresponding Li metal 
morphologies near the electrode surface. 
[Lit] 
Bulk limit 


0 Distance 
Strong concentration gradients 
Slow movement of Li ions toward the electrode causes 
dendrites of Li metal to grow toward the bulk electrolyte 
where more ions (“nutritions”) are available. 


We] Bulk limit 


0 Distance 


Mild concentration gradients 
Fast Li ion transfer provides sufficient cations in all 
directions and creates a smooth surface. 
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the real current density used for reducing Li 
ions (14). The carbon matrix provides a con- 
tinuous electron percolation pathway that 
greatly slows down the formation of dead 
Li. However, the weight and porosity of the 
carbon host itself must be carefully consid- 
ered to minimize the additional parasitic 
weight from the carbon and the excessive 
amount of electrolyte stored in the host. 

The application of external pressure on 
pouch cells can extend the reversible cycling 
of Li metal cells. This effect is intrinsically 
related with the reduced amount of discon- 
nected dead Li particles (75). The external 
pressure also improves the wetting of fresh Li 
surfaces by the very limited amount of elec- 
trolyte in the realistic cells, in that there is no 
other driving force for the lean electrolyte to 
flow into the new surfaces that form within 
porous Li structures. 

Given these fundamental considerations, it 
is unlikely that any approach aimed at heal- 
ing dendritic Li that does not consider SEI 
layers will work. A very thin ionic conductive 
layer coated on a relatively thick Li anode 
will eventually fluctuate and become woven 
into the porous Li structures after repeated 
cycling. An ideal electrolyte should have 
little or no side reactions with Li, and thus 
no SEI layer is formed or needed by consum- 
ing electrolyte. Even so, mass transfer-con- 
trolled dendrite formation still exists. The 
electrolyte should also inhibit the formation 
of a strong concentration gradient near the 
electrode surface and promote fast diffusion 
of Li ions in the liquid phase. Additives that 
can homogenize the concentration gradient 
across electrode surfaces will be helpful, but 
they need to be reversibly usable. Approaches 
that reactivate dead Li will also be of interest 
in promoting Li anode cycling. ! 
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Predict science to improve science 


Systematic collection of predictions of research findings can provide many benefits 


By Stefano DellaVigna’, Devin Pope?, 
Eva Vivalt? 


any fields of research, such as 

economics, psychology, political 

science, and medicine, have seen 

growing interest in new research 

designs to improve the rigor and 

credibility of research (e.g., natu- 
ral experiments, lab experiments, and 
randomized controlled trials). Interest 
has similarly grown in efforts to increase 
transparency, such as preregistration of 
hypotheses and methods, that seek to allay 
concerns that improved research designs 
do not address per se, such as publication 
bias and p-hacking. Yet, although these 
efforts improve the informativeness and 
interpretation of research re- 
sults, relatively little attention 
has been paid to another prac- 
tice that could help to achieve 
this goal: relating research find- 
ings to the views of the scientific 
community, policy-makers, and 
the general public. We suggest below three 
broad ways in which systematic collection 
of predictions of research results will prove 
useful: by improving the interpretation of 
research results, mitigating bias against 
null results, and improving predictive ac- 
curacy and experimental design. 

To date, only a relatively small number 
of studies have collected predictions of re- 
search, including recent work predicting 
original results (7, 2) and the replication of 
academic studies (3-5). The limited atten- 
tion paid to predictions of research results 
stands in contrast to a vast literature in the 
social sciences exploring people’s ability 
to make predictions in general (6-8), 
as well as specifically about macroeco- 
nomic variables, geopolitical events (9), 
and sporting and political outcomes (10), 
among other variables. 

We stress three main motivations for a 
more systematic collection of predictions 
of research results. The first ties to the 
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Tnature of scientific progress. A new result 
builds on the consensus, or lack thereof, 
in an area and is often evaluated for how 
surprising, or not, it is. In turn, the novel 
result will lead to an updating of views. 
Yet we do not have a systematic procedure 
to capture the scientific views prior to a 
study, nor the updating that takes place af- 
terward. What did people predict the study 
would find? How would knowing this re- 
sult affect the prediction of findings of fu- 
ture, related studies? 

Of course, informally, people routinely 
evaluate the novelty of scientific results 
with respect to what is known. However, 
they typically do so ex post, once the re- 
sults of the new study are known. Un- 
fortunately, once the results are known, 


“hindsight bias (“I knew that already!”) makes 
it difficult for researchers to truthfully 
reveal what they thought the results would be.” 


hindsight bias (“I knew that already!”) 
makes it difficult for researchers to truth- 
fully reveal what they thought the results 
would be. This stresses the importance 
of collecting systematic predictions of re- 
sults ex ante. 

For example, consider the debate sur- 
rounding the effectiveness of different be- 
havioral factors and nudges to motivate a 
behavior. Would a gift be more, or less, ef- 
fective than a modest monetary incentive? 
To answer this and related questions, an 
experiment tested how 18 different behav- 
ioral and incentive treatments (e.g., gifts, 
social norms, financial incentives) would 
motivate participants in a simple task. No- 
tably, the researchers obtained ex ante pre- 
dictions of the results for each treatment 
from academic experts and other forecast- 
ers such as college students (//, 12). 

On average, the experts were highly 
accurate. Furthermore, the rich data set 
allowed the authors to explore various 
features of the predictions, such as the 
strength of the “wisdom of the crowd” phe- 
nomenon and the relative accuracy of fore- 
casters with different types of expertise. 
For example, in this context, highly cited 
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faculty performed no better than other fac- 
ulty, and Ph.D. students did best. 

Another study provides an example of 
how predictions can be used to examine 
and improve belief updating based on 
research results, in this case in a policy 
setting. A group of policy-makers made 
predictions on the effects of conditional 
cash transfer programs and school meals 
programs (13). Views of policy-makers are 
of particular interest both because they 
propose and oversee interventions and be- 
cause they are the people who would pre- 
sumably learn from, and use, the results. 
Policy-makers were found to be more op- 
timistic, but less certain, than researchers 
and practitioners. Further, policy-makers, 
practitioners, and researchers all were 
found to update more on “good” 
surprising news than on “bad” 
news and to not respond very dif- 
ferently to results with large con- 
fidence intervals as compared 
to results with small confidence 
intervals, though there is some 
evidence that updating can be improved 
by presenting results differently (74). 

A second benefit of collecting predictions 
is that they can not only reveal when results 
are an important departure from expecta- 
tions of the research community and im- 
prove the interpretation of research results, 
but they can also potentially help to miti- 
gate publication bias. It is not uncommon 
for research findings to be met by claims 
that they are not surprising. This may be 
particularly true when researchers find null 
results, which are rarely published even 
when authors have used rigorous methods 
to answer important questions (15). How- 
ever, if priors are collected before carrying 
out a study, the results can be compared to 
the average expert prediction, rather than 
to the null hypothesis of no effect. This 
would allow researchers to confirm that 
some results were unexpected, potentially 
making them more interesting and infor- 
mative, because they indicate rejection of a 
prior held by the research community; this 
could contribute to alleviating publication 
bias against null results. 

A third benefit of collecting predictions 
systematically is that it makes it possible 
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Prediction platform 


Process to collect forecasts for 

comparison with study results 

1. Researcher designs study and 
collects baseline data if applicable. 

2. Researcher designs forecasting 
survey and sends it to the platform. 

3. The platform distributes the 
forecasting survey. 

4. Researcher gathers results data 
for the study. 

5. Forecasting survey results 
are released to researcher at 
prespecified date. 

6. Study results are released back to 
forecasters at end of study. 

7. Optional follow-up survey is 
conducted with forecasters to 
measure belief updating. 


Sample outcomes for 

forecasting survey 

What is the increase (in standard 
deviation units) of savings in the 
treatment group, compared to in the 
control group? 

Did the program cause employment 
rates to increase? 

What are your predictions about the 
average number of points scored in 
each of the 15 remaining conditions? 


Sample summary statistics to elicit: 
The mean effect 

A range of values such that the 
respondent is 90% sure the mean 
effect falls within that range 

Whether the study result will be 
positive and significant, insignificant, 
or negative and significant 


to improve the accuracy of predictions. 
In turn, this may help with experimental 
design. For example, envision a behavioral 
research team consulted to help a city re- 
cruit a more diverse police department. 
The team has a dozen ideas for reaching 
out to minority applicants, but the sample 
size allows for only three treatments to be 
tested with adequate statistical power. For- 
tunately, the team has recorded forecasts 
for several years, keeping track of predic- 
tive accuracy, and they have learned that 
they can combine team members’ predic- 
tions, giving more weight to “superfore- 
casters” (9). Informed by its longitudinal 
data on forecasts, the team can elicit pre- 
dictions for each potential project and 
weed out those interventions judged to 
have a low chance of success or focus on 
those interventions with a higher value 
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of information. In addition, the research 
results of those projects that did go for- 
ward would be more impactful if accom- 
panied by predictions that allow better 
interpretation of results in light of the con- 
ventional wisdom. 

These three broad uses of predictions 
highlight two important implications. 
First, it will be important to collect fore- 
cast data systematically to draw general 
lessons. For example, when do senior 
researchers make more accurate fore- 
casts than junior researchers, given that 
the seniors’ expertise did not help in the 
study and forecasts of task performance 
incentives (12)? Under what conditions do 
policy-makers update in a Bayesian man- 
ner from past evidence (73)? We will need 
predictions for a range of settings, includ- 
ing longitudinal predictions by the same 
forecasters over time, to identify possible 
superforecasters and to examine whether 
providing feedback on past forecasts helps 
improve prediction accuracy. 

Second, like preanalysis plans, it is criti- 
cal to set up the collection of predictions 
before the results are known, to avoid the 
impact of hindsight bias. With these fea- 
tures in mind, a centralized platform that 
collects forecasts of future research results 
can play an important role. Toward this 
end, in coordination with the Berkeley 
Initiative for Transparency in the Social 
Sciences (BITSS), we have developed an 
online platform for collecting forecasts of 
social science research results (www.social 
scienceprediction.org). The platform will 
make it possible to track multiple forecasts 
for an individual across a variety of inter- 
ventions, and thus to study determinants 
of forecast accuracy, such as characteris- 
tics of forecasters or interventions, and to 
identify superforecasters (see the box). 

A centralized platform has another ad- 
vantage. As collecting forecasts grows in 
popularity, a small number of researchers 
may receive a disproportionate number of 
requests. A centralized platform can en- 
sure that this does not happen, analogous 
to how an editor keeps track of referee re- 
quests within a journal, except that a cen- 
tralized platform could be even better, as 
editors cannot track referee requests across 
journals. As a further benefit, the platform 
provides third-party certification about 
how forecasts were collected and shared 
with researchers requesting them (analo- 
gous to platforms used for preregistration). 

This platform would aim to incorpo- 
rate lessons learned from other work on 
forecasts, such as work on replication of 
experiments in psychology and econom- 
ics, prediction of geopolitical events in the 
Good Judgment Project, and forecasts of 
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macroeconomic indicators in the Survey 
of Professional Forecasters. The System- 
atizing Confidence in Open Research and 
Evidence (SCORE) program is also aiming 
to develop tools specifically to predict the 
replicability or reproducibility of social- 
behavioral science results. 

There are many open questions about 
the details of the platform. For example, 
should forecasters be paid for participat- 
ing (just like some journals choose to pay 
referees)? Should there be incentives for 
accuracy? We expect that continued work 
and experimentation will provide more 
clarity regarding such design questions. 

Although here we focus on the benefits 
of ex ante predictions for improving the 
interpretation of research results, these 
predictions have many other potential uses 
in research and policy. Some researchers 
may use predictions to explore when fore- 
casts can be trusted or how the accuracy 
of forecasts can be improved. Others will 
focus on Bayesian interpretations or learn- 
ing about belief updating. The forecasts 
may also have a practical value to policy- 
makers needing to make a decision in the 
absence of credible evidence from an aca- 
demic study. Such a variety of potential 
uses speaks to the value of making this 
tool available. 
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The remains at Colorado’s Corral Bluffs, including 
these four skulls, reveal much about early mammals. 


Stepping out of the dinosaurian shadow 


A new film offers a glimpse into the Cenozoic ascension of mammals 


By Riley Black 


e live in the Age of Mammals, yet 
warm-blooded beasts are still over- 
shadowed by dinosaurs. Even when 
considering the last great shake-up 
to life’s story, when an enormous as- 
teroid triggered a mass extinction 
that decimated dinosaurs and gave mammals 
a shot at terrestrial expansion, we are often 
more focused on the terrible lizards lost than 
the furry creatures who set the stage for the 
Cenozoic. But a new NOVA documentary— 
“Rise of the Mammals’—seeks to change that 
and, in the process, offers viewers a window 
into paleontology beyond bone hunting. 
Narrated in soothing tones by actor Keith 
David, the 1-hour program promises to tell 
how life surged back after the Cretaceous- 
Paleogene mass extinction. The catastro- 
phe, we learn, did not just affect dinosaurs. 
Flying pterosaurs and seagoing mosasaurs 
disappeared, as did coil-shelled ammo- 
nites and huge clams called rudists, along 
with mass extinctions of birds, lizards, 
and mammals. But the mammal-versus- 
dinosaur competition is the film’s primary 
focus, with images of tiny, shrewlike insec- 
tivores living beneath the feet of dinosaurs 
providing the background for what follows. 
The “Mesozoic mammals as underdogs” 
trope should be extinct by now. In the past 
several decades, paleontologists have recog- 
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nized that mammals thrived during this era, 
evolving into an impressive array of forms. 
All were small, fair enough, but so are most of 
today’s mammal species. To navigate a clear 
relationship of cause and effect, then, “Rise 
of the Mammals” emphasizes size. When did 
mammals start to get big? 

An arid field site called Corral Bluffs near 
Colorado Springs, Colorado, is offered as the 
key place to answer this question. How this 
dot on the map was uncovered is told in a 
circuitous fashion. We are first 
introduced to Denver Museum 
of Nature & Science paleontolo- 


Rise of the Mammals 
HHMI Tangled Bank 


ens more well-preserved Paleocene fossils. 
The film quickly shifts into detective mode. 
What species were found at the site? How 
old were they? What was their environment 
like? Instead of following the standard—and 
often false—story of how a single discovery 
changes everything, the program follows var- 
ious threads to assemble a picture of life in 
the first million years of the Paleocene. 
Although the legacy of storytelling from 
the “Bone Wars” era of epic fossil hunts is 
certainly there, the latter half of 
the film broadens in scope. “Rise 
of the Mammals” ends up being a 


gist Tyler Lyson and his quest to Studios short course in modern paleontol- 

find fossil beds from the earliest Premiering 30 ogy, following the story as it goes 

days of the Paleocene, the epoch ad een PBS back and forth between museum 
at 9 pm 


directly following the Cretaceous. 

“Rise of the Mammals” leans heavily on 
the romance of fieldwork and Indiana Jones 
imagery here, even cribbing a famous sunset 
shot from Raiders of the Lost Ark. But the key 
to the story is not a new discovery by Lyson. 
It is a previous find that was already in the 
Denver collections. 

Paleontology lore often focuses on first 
authors, field leaders, and museum curators 
to the exclusion of other workers who make 
the science possible. To the documentary’s 
credit, the contribution of Denver museum 
volunteer Sharon Milito—who made the first 
critical find at Corral Bluffs, picking up a 
hard concretion that preserved a Paleocene 
mammal palate inside—is recognized and 
underscored by an interview with Milito her- 
self. Lyson happened across this fossil in the 
Denver collections and, upon visiting the site 
with colleague Ian Miller, started finding doz- 
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and fossil outcrops. The changing 
face of paleontology is visible, too; the cast 
of scientists shown and interviewed is much 
more gender-balanced and diverse than 
many programs of the past few decades. 

The Corral Bluffs fossils are phenomenal, 
and what they have to tell us about the Paleo- 
cene is just starting to drip out into the pub- 
lished record (J), but the ancient ecosystem is 
only one small part of a global story. Where 
the film shines—and offers something rare— 
are the moments when the process of science 
is allowed to unfold, revealing how experts 
assemble views of lost worlds. And if nothing 
else, it is helpful to pry the spotlight out of 
dinosaurian claws now and then. 
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Editor’s note 


When the Letter “Trophy hunting bans 
imperil biodiversity” (A. Dickman et al., 
30 August, p. 874) was published, Science’s 
policy of asking all manuscript authors to 
declare conflicts of interest did not apply to 
Letters. This policy is now under revision 
to ensure that authors of Letters also make 
readers aware of financial and advisory 
competing interests. Science has therefore 
requested that the authors of Dickman et al. 
declare their competing interests. They have 
done so in an addendum to their Letter. 
Jeremy Berg 
Editor-in-Chief 

10.1126/science.aaz9111 


Trophy hunting: Role of 
consequentialism 


In their Letter “Trophy hunting bans imperil 
biodiversity” (30 August, p. 874), 
A. Dickman et al. adopt a radical consequen- 
tialist approach. Not only do they discard 
any deontological concern relevant to trophy 
hunting but also, remarkably, they oppose 
policies that would consider deontologi- 
cal objections against trophy hunting. Said 
otherwise, according to Dickman et al., 
evidence-based policy-making must trump 
moral-based policy-making. 
Consequentialist approaches are not 
uncommon in conservation (J), but Dickman 
et al’s Letter is important because it opens 
the question of whether ethical objections 
limit nature conservation and whether it 
is time to move beyond such objections, as 
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the authors do. Conservation increasingly 
operates within an ethical frame whereby 
protecting wild plant and animal species 
must first and foremost benefit human 
communities and becomes unacceptable if it 
imposes a burden on people. This emphasis 
is leveraged by social science, which has a 
growing importance in conservation and is 
becoming more concerned with social justice 
than with an objective understanding of 
social systems (2). As a result, conservation 
practices such as green militarization or 
human population displacement are often 
arbitrarily excluded by scholars from the 
conservation toolkit and mostly mentioned 
from a critical or adversarial ideological 
standpoint (3). 

Yet, these practices have the potential 
to deliver impressive results. The greater 
one-horned rhino (Rhinoceros unicornis) 
population in Chitwan National Park, Nepal 
rebounded after the deployment of army 
troops to fight against poaching and the 
expansion of the park (4). African Parks— 
a nongovernmental organization manag- 
ing protected areas with a total control 
approach—set up anti-poaching forces 
with SWAT-like training and succeeded in 
increasing Chad’s Zakouma National Park 
elephant populations (5). In the Central 
African Republic, African Parks purchased 
from Bulgaria more than one hundred war- 
grade weapons with 90,000 rounds under 
an exemption from the UN embargo and 
shipped them to the Chinko Project, a 17,600- 
km’ wildlife refuge it manages with full law 
enforcement competence (6). Displacement 
is another ostracized conservation tool (7). 
However, by displacing thousands of people 
in northeastern China, the government 
has reduced human population density by 
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Army troops helped protect the greater one-horned 
rhino ‘population in Chitwan National Park, Nepal. 


more than half and consequently Amur 
tigers (Panthera tigris altaica) and leopards 
(Panthera pardus orientalis) are recovering 
in the area (8). 

Opposing green militarization or 
population displacement negatively affects 
conservation, and viable alternatives are 
often lacking. Although some people find 
these approaches unethical, conservation 
policy that is not based on science threatens 
habitat and biodiversity. If ethical concerns 
remain selective and subjective, conser- 
vation is unlikely to succeed. The same 
pragmatic, results-oriented rationale that 
Dickman et al. advocate for trophy hunting 
may need to be expanded to other controver- 
sial conservation approaches. 
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Trophy hunting: 
Values inform policy 


In their Letter “Trophy hunting bans imperil 
biodiversity” (30 August, p. 874), A. Dickman 
et al. mischaracterize context, offer weak 
evidence, and overlook the role of values. 
They caution against trophy hunting bans, 
yet the policies they cite do not ban trophy 
hunting. Two of the policies discontinue 
only import of lion trophies (7); the others 
ban the import of trophies from a delim- 
ited set of endangered species (J-3). These 
are not blanket bans on trophy hunting 
but species-specific import restrictions. 
Although Dickman et al. contend such bans 
would “imperil biodiversity,’ their evidence 
is selective [e.g., (4, 5)] and does not directly 
support the contention that import bans 
yield negative conservation outcomes. 

In raising concerns about sustainable 
community development, Dickman et al. 
set up a false dichotomy: Either restrict 
the import of wildlife trophies to Western 
countries or promote self-sustaining African 
communities. Western nations can support 
sustainable development of African nations 
while regulating the import of wildlife tro- 
phies by their own citizens. Although import 
bans in Western nations potentially affect 
African communities, these impacts should 
not be confused with the impacts of discon- 
tinuing trophy hunting. Especially where 
trophy hunting generates few benefits for 
local people (6, 7), negative socioeconomic 
effects of import bans will likely be limited. 

Dickman et al. further assert that “calls 
for hunting bans usually cite conservation 
concerns,” but such calls are often motivated 
by moral concerns (J, 3, 8). Indeed, the 
authors allude to this in suggesting policy 
should be based on science, not feelings 
of “repugnance.” This position establishes 
another false dichotomy. Adjudicating policy 
requires both understanding the likely 
results of a policy (science) and evaluat- 
ing whether those results are desirable 
(values) (9). Such evaluative judgments are 
expressed by emotions (10). Policies support- 
ing sustainable community development 
may seek to remediate the harms of Africa’s 
colonial history. Recognizing these harms as 
injustices—a moral judgment—engenders 
emotions such as anger. Policies may also 
aim to combat perceived injustice against 
nonhuman animals, which may similarly 
elicit outrage. In short, emotion attends 
moral judgment, which informs policy. 

Conservation is rife with risk. Humans 
and wildlife face physical and biological 
risks; hence both are subjects of concern. 
But conservation strategies may carry moral 
risks as well, even when enacted out of 
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concern. Science can quantify risks, but it 
cannot tell us whether they are acceptable 
or by whose values they should be judged. 
Governments are right to institute policies 
that manage the landscape of risk by weigh- 
ing scientific evidence and accounting for 
the values of their citizens. 
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Response 


“... Batavia et al. urge us not to confuse the 
effect of restricting imports on local people 
with the impacts of discontinuing trophy 
hunting [but] the former is meant to bring 
about the latter...’ —Dickman et al. 

Full text: science.sciencemag.org/ 
content/366/6464/433.1/tab-e-letters 


Trophy hunting: 
Broaden the debate 


In their Letter “Trophy hunting bans imperil 
biodiversity” (30 August, p. 874), A. Dickman 
et al. argue against trophy hunting bans, but 
the bans they mention are neither blanket 


Published by AAAS 


nor hunting bans. France only suspended 
lion trophy imports, whereas Australia and 
The Netherlands banned import permits 
for trophies of several species (7), but other 
trophies continue to be collected worldwide 
and domestically. Indeed, a ban on the 
import of a trophy into a nation does not 
constitute a ban on hunting by its nation- 
als; Dickman e¢ al. confound the two, which 
is disingenuous and raises the question of 
whether hunting is a sport or a form of com- 
modity acquisition (2). 

International movement of trophies 
is regulated under the Convention on 
International Trade in Endangered Species 
(CITES), governed by member states. 
Unless there is evidence of trade threaten- 
ing the survival of a species, sovereign states 
can allow hunting and export trophies, 
but potential importing states also have 
sovereignty over their response to concerns 
of their constituencies and have the right to 
implement what CITES calls “stricter domes- 
tic measures” (3). Debates around this have 
been politicized, which typically happens 
when scientific data are too inconclusive to 
guide policy formulation (3). 

Dickman et al. misrepresent the respon- 
sibility of importing states over hunting 
policy; ironically, they may stimulate blanket 
bans by arguing against opt-outs for some 
countries for certain species. Moreover, they 
fail to mention that where hunting zones 
are protected areas recognized by civil law, 
they would remain so. In addition, habitat 
in hunting zones is often not effectively 
protected, and the collapse of trophy hunt- 
ing observed in certain areas is not due to 
trade bans but to a failing balance of costs 
and benefits (4, 5). Trophy hunting is neither 
the main threat to nor the main opportunity 
for wildlife conservation, and we encourage 
a broader debate. 
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Response 


“..It is...hypocritical for a rich country 
to...reduce the viability of trophy hunting 
in poor countries while taking no action 
against domestic sport hunting...” 
—Dickman e¢ al. 

Full text: science.sciencemag.org/ 
content/366/6464/433.2/tab-e-letters 


Trophy hunting: Bans 
create opening for change 


In their Letter “Trophy hunting bans 
imperil biodiversity” (30 August, p. 874), 
A. Dickman et al. warn that banning 
trophy hunting, a practice many of them 
deem “repugnant,” could threaten African 
biodiversity and livelihoods. What they 
actually describe is how loss of funding 
may impart these effects, without specify- 
ing any unique benefits of trophy hunting. 
It is defeatist to defend business-as-usual 
instead of promoting alternative conserva- 
tion activities that could sustain formerly 
trophy-hunted species and areas. 

Trophy hunting relies on deep geopo- 
litical inequalities, particularly in Africa, 
where it often fails to deliver demonstrable 
conservation outcomes (7) and can inter- 
sect with crime (2). It yields low returns at 
household levels (3), with only a fraction 
of generated income reaching local com- 
munities (4). It also siphons off wildlife 
from adjacent protected areas (5), reduces 
population connectivity and resilience, and 
can have genetic consequences such as 
reductions in body, horn, and/or tusk size 
(6). Its effects on wildlife demography and 
behavior can be profound (7). 

Trophy import bans present an opportu- 
nity to rethink how we can conserve wildlife 
in nonextractive ways that are consistent 
with shifting public opinion. The system is 
primed for change. The recently polled U.S. 
public shares attitudes with other countries 
enacting trophy import bans and especially 
strongly disapproves of trophy hunting of 
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African elephants and lions (8). Sustainable 
alternatives exist and could reduce reliance 
on a small and narrowing cohort of wealthy 
Western “donors” (9). 

For example, land use reforms, co- 
management, and greater participatory 
stewardship can provide a more sustainable, 
resilient, and equitable system (10). Locally 
adjusted and bottom-up management 
practices (77), granting communities land 
titles, conservation-compatible agricul- 
ture, and coexistence approaches can also 
benefit communities and conservation more 
than trophy hunting. In addition, tourism 
reforms could invigorate domestic tourism 
(12), minimize leakage of tourism income to 
foreign investors, and reduce the footprint 
of wildlife-viewing tourism through green 
development investment. Diversified nature- 
based tourism beyond photographing and 
viewing wildlife could incorporate survival 
skills/bushcraft training and agritourism, 
emphasizing local knowledge, cultural 
exchange, and inclusion of women. Finally, 
environmental investments could connect 
would-be micro-investors more directly to 
wildlife-wealthy communities. Financial 
strategies such as decentralized markets 
made possible by blockchain technology 
could use carbon and biodiversity credits for 
conserving habitats. Sustainable enterprise 
development could generate direct financial 
benefits to local communities. 

During transitions, nongovernmental 
organizations could raise funds to pay 
concessions or countries could agree that 
a private entity would temporarily assume 
game reserve management. As the bans are 
not blanket but import bans, they provide 
the impetus and the time to incrementally 
switch to practices that maximize contribu- 
tions to the Sustainable Development Goals. 
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Tourism reforms could make wildlife-viewing tourism greener and more beneficial to local communities. 
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Response 


“..[TJhe true risk is...losing funding 
streams that require the presence of trophy 
hunted species...and therefore incentiv- 

ize conservation of their populations and 
habitat...” —Dickman e¢ al. 

Full text: science.sciencemag.org/ 
content/366/6464/434/tab-e-letters 


Trophy hunting: 
Insufficient evidence 


In their Letter “Trophy hunting bans 
imperil biodiversity” (30 August, p. 874), 
A. Dickman e¢ al. argue that banning 
trophy hunting would be detrimental to 
conservation. We agree that evidence for 
effectiveness is important before actions 
are taken. However, Dickman et al. do 
not provide evidence that bans to trophy 
hunting harm biodiversity (1). 

Dickman e¢ al. claim that trophy hunting 
indirectly benefits biodiversity because 
populations (and their habitats) are bet- 
ter protected in places or times where 
trophy hunting has occurred. However, 
no comprehensive research has tested 
that hypothesis. Even previous work by 
Letter authors Dickman and Johnson (led 
by Macdonald) concludes that we know 
too little to infer whether trophy hunting 
(selective hunting for recreation) con- 
tributes to the conservation of wild lions 
(2)—one of the best-studied trophy- 
hunted species. 

Dickman e¢ al. overstate their case. For 
example, the claim that “more land has 
been conserved under trophy hunting than 
under national parks” seems based on the 
statement from Lindsey et al. (3) that 
“Colver 1,394,000 km? is used for hunting 
in sub-Saharan Africa, exceeding the area 
encompassed by national parks by 22% in 
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the countries where hunting is permit- 
ted” (3). However, this interpretation is 
misleading because those lands include 
private lands, protected areas that allowed 
subsistence hunting, and various other 
classes of protected areas, not exclusively 
trophy hunting concessions. In addition, 
the authors’ prediction that a ban on 
trophy imports or hunts would indirectly 
harm biodiversity could be just the 
converse: Perhaps hunting concessions 
would be upgraded in protection by 
catalyzing a governmental rethinking of 
carnivore management systems. An evi- 
dentiary basis for informing controversial 
policy interventions, such as trophy hunt- 
ing, demands strong inference with full 
disclosure of uncertainties and disentan- 
gled value judgments from observations 
or inferences. 

Stronger evidence might be gleaned 
through adequate tests of the effective- 
ness of trophy hunting for protecting the 
hunted population, including broad-scale 
experiments using multiple replicated 
land parcels subject either to hunting 
or another putative form of biodiversity 
protection under similar socioeconomic 
systems, or tracking of populations 
before and after trophy hunting 
(accounting for other threats). Rigorous 
examinations would likely reveal 
outcomes that vary by population, geog- 
raphy, other threats to biodiversity, and 
socioeconomic and governance contexts. 

Finally, the addition of a long list of 
signatories implies a call to authority 
that should play little or no role in what 
should ultimately be an evidence-based 
scientific debate. By contrast, clear 
evidence, transparently conveyed and 
clearly demarcated from the ingrained 
values of those involved (whether they 
support or reject trophy hunting), could 
help elucidate environmental, ethical, 
social, and economic dimensions of 
this controversial activity whose 
ultimate conservation effects remain 
poorly understood. 
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Response 


“..LA]ction should not be taken without 
evidence for its effectiveness...[but] we 
believe the burden of proof clearly lies with 
those who support [the removal of trophy 
hunting]... —Dickman et al. 

Full text: science.sciencemag.org/ 
content/366/6464/435.1/tab-e-letters 


Trophy hunting: A moral 
imperative for bans 


In their Letter “Trophy hunting bans 
imperil biodiversity” (30 August, p. 874), A. 
Dickman e¢ al. argue that trophy hunting 
should not be discontinued. However, their 
premise is not viable when examined under 
the light of basic morality. 

Whether Dickman e¢ al. concur or not, 
wildlife has the basic right of existence, irre- 
spective of human existence and interests. 
Intentional killing of animals to satisfy the 
whims of wealthy individuals is detestable. 
No potential gains, even those that are 
promoted by Dickman e¢ ai. as beneficial 
to wildlife, justify undermining the moral 
basis of the protection of Earth’s natural 
resources. It is our responsibility to sup- 
press the destructive tools at our disposal so 
that these resources remain unharmed. 

Culling of endangered species is a self- 
evident fallacy. Our foremost emergency is 
to restore endangered species to their for- 
mer state, irrespective of human interests. 
Unless required for basic existence, hunting 
of all forms is a practice that should be 
eradicated like the smallpox virus. Beyond 
rational arguments, the most appropriate 
response to the Letter by Dickman et al. 
is outrage. 
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“..[Discontinuing] trophy hunting...without 
implementing better alternatives risks 
worsening the situation for both wildlife 
and people...” —Dickman e¢ al. 
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An Oregon shellfish hatchery successfully monitors seawater to rejuvenate oyster larvae, reviving oyster population levels and restoring a Pacific Coast industry. 
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AAAS’s “How We Respond” report captures U.S. ingenuity 


Facing climate change, communities across the country devise locally tailored responses, report shows 


By Anne Q. Hoy 


Communities from Arizona to Montana and Massachusetts to Cali- 
fornia are recognizing the urgency to take steps to limit the impact 
of climate change. A two-year project by the American Association 
for the Advancement of Science spotlights examples of 18 innovative 
solutions communities are putting in place to blunt shifts in Earth's 
natural systems. 

Kansas farmers, for instance, have cut back on water use to 
preserve groundwater resources in the nation’s increasingly arid 
Southern Great Plains region. 

An avid Texas churchgoer established an auditing company to 
improve energy efficiency at some 500 churches, freeing money for 
charitable endeavors. 

Wisconsin’s Dane County has been capturing methane gas from 
its largest landfill, converting it into renewable transportation fuel, 
and reducing its greenhouse gas emissions. 

Rising death rates of oyster larvae at a northern Oregon shellfish 
hatchery led to a regional network of seawater monitoring tools able 
to measure acidity levels and restore oyster populations, salvaging a 
Netarts Bay and upper Pacific Coast industry. 

Threatened by storm surge from perilous hurricanes moving up 
the Atlantic seaboard, residents of Georgia's historic city of Savan- 
nah are installing inexpensive, yet effective, sea-level monitors that 
aim, within a year or two, to alert the public to rising coastal sea 
levels and support a future emergency response system. 

These five stories are a sampling of the 18 documented in the 
comprehensive “How We Respond” project that explores why com- 
munities need to act, use science-informed planning and decision- 
making, and draw from the value of collaboration. The project 
includes a report and multimedia, and it makes available a host of 
resources, including research sources such as the 2018 National 
Climate Assessment and other authoritative studies available on the 
report's website. 

The report, which was released on 16 September, follows AAAS’s 
2014 “What We Know” report that presented well-established evi- 
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dence concluding that “human-caused climate change is happening,” 


sending sea levels rising and setting off more frequent and intense 
weather events, such as heat waves, excessive rainfall, and wildfires. 

Communities are devoting time and effort to instituting meth- 
odologies to both curb varied impacts of climate change and lower 
greenhouse gas emissions. The report describes partnerships being 
forged among scientists, residents, and local and state governments 
to leverage scientific knowledge, local expertise, and ingenuity to 
adapt to and mitigate dramatic climate shifts. 

Local activities highlighted in the report present a range of in- 
novative tactics to minimize the risks of climate change, including 
alleviating dangers to human health and to the most vulnerable, 
such as the elderly and residents in neighborhoods that lack the 
resources needed to update infrastructure to stave off the forces of 
climate change. 

“We specifically wanted to show how communities across the 
United States are experiencing different impacts of climate change 
and are responding in different ways,” said Emily Therese Cloyd, 
director of AAAS’s Center for Public Engagement with Science and 
Technology and a leader of the “How We Respond” project, during 
a17 September Facebook Live chat featuring two scientists and a 
community leader involved in Savannah's Smart Sea Level Sensors 
initiative. “Another part of this project is to showcase that there are 
different ways communities might choose to respond and that all 
those responses are useful and help us make progress.” 

Some communities, for instance, are devising responses that also 
preserve economic stability. Consider the Kansas farmers facing 
depleting groundwater levels that endanger the agricultural industry 
at the heart of the region’s economic livelihood. 

Likewise, the efforts by the Oregon hatcheries to curb economic 
losses due to oyster population declines connected shellfish farmers 
to scientists able to pinpoint ocean acidification as the factor crip- 
pling oyster production levels. The finding helped identify new oyster 
farming practices. Hatcheries are now aligning the filling of hatchery 
tanks to times when seawater chemistry is most compatible to oys- 
ter hatchlings and the growth of their shells. 
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Cooperating across sectors is vital, according to the “How We 
Respond” report. Key to success, said Cloyd, is “working together, 
building relationships, opening a dialogue between communities 
and scientists, and co-creating those responses, learning from one 
another to find responses that work best for the community.” 

The story of Savannah's work is rich with multifaceted ap- 
proaches. The Smart Sea Level Sensor team connected scientists 
with city planners and public schools, engaging a cross section 
of residents in the development and placement of sensors around 
the city and the greater Chatham County coastal area. 

The sensors are now beginning to produce 
local sea-level data. Going forward, long- 
term flooding patterns are expected to be 
identified and modeled. As more sensors are 
installed, additional localized data will lead to 
the development of the public alert system 
and help guide future city development and 
infrastructure projects. 

The Smart Sea Level Sensor program 
was initiated and co-created by two Georgia 
Institute of Technology professors—Rus- 
sell Clark, a senior research scientist in the 
School of Computer Science, and Kim Cobb, 
an oceanographer and professor of Earth and 
atmospheric sciences. 

Nick Deffley, the sustainability director of 
Savannah, reached out to Dawud Shabaka, as- 
sociate director of Savannah's Harambee House, Inc., a community- 
based education and training organization dedicated to helping the 
city’s underserved communities, to involve the organization in the 
sensor program. 

Community participants are pleased “to collect data in their area 
and analyze it for use in pushing for public policy changes,” said Sha- 
baka, who participated in the Facebook Live chat. He noted that the 
benefits to Harambee House participants extend beyond educational 


advantages to the pleasure of being active participants in the project. 


Harambee House participants, Shabaka noted, are involved in data 
collection, have access to the online data, and are learning the basics 


An early-generation sea-level sensor helps 
track water levels in Savannah communities. 


of the data analysis. The project contrasts with other initiatives intro- 
duced to the community, he said. “People and companies and so on 
swoop in and say, ‘This is what would be best for you’ and then leave. 
This is not the way this is proceeding,” said Shabaka. “Georgia Tech, 
the city of Savannah, they're working with us.” 

Beyond engaging residents across communities, local schools are 
also playing a role, along with city and state officials, scientists, and 
nonprofit groups. High school engineering students are building and 
testing a fleet of sensors, made from easily accessible parts. Admin- 
istrators have developed a curriculum around construction of the 
sensors that is expected to become a model 
for other locations along the East Coast that 
have expressed interest in the program. 

Georgia Tech students enrolled in computer 
design courses also are involved, designing 
the publicly accessible computer platform for 
displaying the gathered data and, separately, 
working on the development of a smart phone 
app to make the data portable. 

“This approach has been very successful,” 
Cobb said. “The students are happy to be 
working on projects that address meaningful, 
real-world problems, including local climate 
change issues.” 

Cobb envisions the project’s framework and 
the accompanying online Smart Sea Level Sen- 
sors platform to be adaptable to a variety of 
other applications, such as monitoring local air and water quality as 
well as tracking local shifts in air temperature. “This list goes on and 
on, and the potential benefits that can be read from a public health 
perspective,” she said. “That's where this project is squarely aimed 
for the residents of Savannah.” 

While Clark struck a note of caution in citing the multiple activities 
that the ongoing project still needs to accomplish before any expan- 
sion can be envisioned, he pointed to the project's lasting and most 
visible reward: “The key benefit for us has been how motivating and 
inspiring it is in fact to engage the community at this level, and the 
feedback we get.” 


Women innovators become STEM ambassadors for girls 
AAAS and Lyda Hill Philanthropies seek to raise the profile of women in science through IF/THEN 


By Becky Ham 


Catie Cuan did well in middle school math and science classes but 
“got made fun of a lot for being smart,” she recalled. She was also 
a dancer and “a gregarious, outgoing person, and | felt like those 
identities couldn't be reconciled with being a good student.” 

Today, Cuan is a graduate student in mechanical engineering 
at Stanford University—and a dancer and choreographer who has 
used robots in her artistic work. She is also one of the American As- 
sociation for the Advancement of Science IF/THEN ambassadors, 
a group of women working in science, technology, engineering, and 
mathematics who are sharing their stories and serving as high- 
profile role models for middle school girls. 

One of the goals of her ambassadorship, Cuan said, will be to 
show off the “multiple identities” of women in STEM. “I have a 
dance background. I'm now working in engineering, and that’s OK,” 
she said. “I see this as a distinct opportunity for people to see oth- 
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ers who look like them and think, ‘Oh, | don’t have to be thinking so 
small about what | can do in the future.” 

The group of 125 ambassadors, announced in September, will 
serve as part of Lyda Hill Philanthropies’ IF/THEN initiative, a $25 
million program to fund and elevate women in STEM as role models. 
For the next 18 months, the ambassadors will participate in a variety 
of programs, from meeting with local Girl Scout troops to starring in 
network television series like CBS's Mission Unstoppable, a weekly 
program about women working on cutting-edge STEM projects. 

The Lyda Hill Philanthropies approached AAAS to lead the 
ambassador program in part because of AAAS’s extensive success 
with other STEM education and public engagement initiatives, such 
as the AAAS Mass Media Science & Engineering Fellowship and the 
Leshner Leadership Institute for Public Engagement with Science, 
said Emily Therese Cloyd, director of the AAAS Center for Public 
Engagement with Science and Technology, who heads up the new 
ambassador program. 
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“The goal of IF/THEN is to shift the way our country—and the 
world—thinks about women in STEM, and this requires changing 
the narratives about women STEM professionals and improving 
their visibility,” said Lyda Hill, founder of the philanthropy. 

The chance to change that narrative was one of the big rea- 
sons Raychelle Burks applied for the ambassadorship. Burks, an 
analytical chemist and forensic scientist at St. Edward’s University 
in Texas, hopes the program will support girls from historically 
marginalized communities without telling them they need to “as- 
similate or conform” to work in the sciences. 

“What | want to put out is that we can support girls and women 
in STEM, that there is a place for them here, and that we will make 
a place for them, not that they have to conform to preconceived 
notions and stereotypes,” said Burks. 

The ambassador program is distinguished by its emphasis on 
increasing visibility for women in STEM to encompass people 
who may not consider themselves “scientists,” said Cloyd. “We're 
moving beyond scientists who work at an academic institution and 
thinking about the ways that a video game designer or a fashion 
designer might be using STEM every day.” 

It’s an idea that resonated with Ellie Mayfield, who wasn’t 
exposed to many STEM career options as a student. A chance en- 
counter with a woman sport scientist had a profound effect on her 
future. “The penny only dropped for me that | wanted to be a sport 
scientist when | saw someone else doing it,” she said. Today, she 


AAAS annual election: Preliminary announcement 


The 2019 AAAS election of general and section officers is sched- 
uled to begin later this fall. All members will receive a ballot for 
election of the president-elect, members of the Board of Directors, 
and members of the Committee on Nominations. Additionally, 
members registered in sections (up to three) will receive ballots 
for the specified section elections. Biographical information for the 
candidates will be provided along with ballots. The general election 
slate is listed below. The list of section candidates can be viewed at 
https://www.aaas.org/governance/2019-election-candidates. 


f you would like to request a special 
paper ballot, please send an email 
with your name and address with 
your request to elections@aaas.org. 


Notice to our international 
members: 

In an effort to conserve resources, 
AAAS will be sending electronic 
election ballots to our non-U.S.- 
based members. In order to 
ensure that you receive your 
ballot, please make sure your 
email is up-to-date with AAAS by 
logging on to www.aaas.org. 1) 
Click on “Member Login’ (if you 
have not yet created an account, 
you will be prompted to do so); 2) 


General Election Slate 
President-Elect: 

Susan Amara, National Institute 

of Mental Health/NIH 

Elsa Reichmanis, Georgia Institute 
of Technology 

Board of Directors: 

Cynthia Beall, Case Western Reserve 


After you login, click onthe red University . 
“My Profile” button in the upper Michael J. Feuer, George Washington 
right-hand corner of the page; 3) University 


Chad Mirkin, Northwestern University 
Alondra Nelson, Social Science 
Research Center/Institute for 
Advanced Study 


Click on “Edit My Contact Infor- 
mation” in the left-hand side bar; 
4) Update your email and click on 
the “Save” button. 


438 25 OCTOBER 2019 + VOL 366 ISSUE 6464 


Cuan worked with an industrial robot for her performance piece OUTPUT. 


now holds that title with U.S. Soccer and was recently selected to 
share her story and serve as a AAAS IF/THEN ambassador. 

“| would have liked to know about more options in STEM instead 
of just being a doctor or an engineer or a veterinarian,” agreed Earyn 
McGee, an ambassador and herpetology graduate student at the Uni- 
versity of Arizona. “| didn’t realize how broad the category really was.” 

Other ambassadors, like Charita Castro, want more middle school 
girls to see how STEM skills can “be deployed in service of causes 
we care about.” Castro leads GoodWeave International, a nonprofit 
organization dedicated to ending child labor in global supply chains. 
“I'm a social worker at the core, but | use data and research to inform 
policies and programs to end child labor, forced labor, and child traf- 
ficking,” she said. 

Middle school girls are already interested in a lot of the technol- 
ogy contained in STEM careers, said Heather Chandler, a multimedia 
producer who has worked in video game production and now owns 
an escape room business. “When | tell fifth graders that | had worked 
on Fortnite, they are just beside themselves,” she recalled. 

Chandler knows there has been “lots of talk about toxicity” toward 
women in the gaming industry. “So as an ambassador | want to focus 
on the positive aspects, to show that it’s a multifaceted industry 
and that we need more women engineers and digital artists and 
game designers.” 

“With the group of ambassadors that have been selected, there’s 
a wide range of diversity in terms of geographical location, in terms 
of ethnicity, in terms of career stage,” said Jennifer Carinci, program 
director of STEM Education Research at AAAS. “It’s important educa- 
tionally for middle school girls to have this exposure.” 

Carinci, Cloyd, and other AAAS staff led some of the training 
provided to the ambassadors at an October IF/THEN summit held 
in Dallas, Texas. The ambassadors learned more about the funda- 
mentals of science communication, developed electronic press kits, 
worked on strategies to engage with girls on social media and in 
person, and networked with their fellow ambassadors. 

In keeping with their own diversity, the women have a wide variety 
of plans for their ambassadorships. McGee hopes that the experi- 
ence will push her further down the path toward someday hosting 
her own natural history show. Tamar Goulet, a University of Missis- 
sippi professor who studies coral reefs, will be Skyping with girls’ 
groups from her Red Sea field site. Burks is in her seventh year of 
leading DIY Science Zone at GeekGirlCon, a role that she said fits 
with her pop culture and scientific passions. 

“It's hard for me to think of myself as a role model, because I’m a 
huge goofball,” Burks joked. “But I’m the goofball that | get to be, and 
I'm the nerd that | get to be.” 
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NEURODEVELOPMENT 
Close-up of human cerebellar development 


Edited by Michael Funk 


Yang et al., p. 509 


arly on, cerebellar development shares similarities across humans, nonhuman primates, 
and even mice. But differences emerge while development progresses, as cellular and 
molecular analyses by Haldipur et al. now reveal. The rhombic lip persists longer during 
cerebellar development in humans than in either the mouse or the macaque and generates 


a pool of neuroprogenitor cells. Similarly, the ventricular zone of the human cerebellum 
ional proliferative layer with 


goes a step further than that of the mouse in developing a 


outer radial glia cells. Transcriptome analysis revealed detail 
etween progenitor cells of the developing hum 


Fluorescence 
microscopy image 
of a developing 
human cerebellum 


Alternative 
influenza target 


There is a pressing need for a 
broadly protective influenza 
vaccine that can neutralize 
this constantly varying, deadly 
virus. Stadlbauer et al. turned 
their attention away from the 


eee 


current vaccine target—the 
mutable hemagglutinin—and 
investigated an alternative, less 


variable virus-coat glycoprotein: 


neuraminidase. The authors 
extracted monoclonal anti- 
bodies (mAbs) from a human 
donor naturally infected with 
the H3N2 virus subtype. In 
mice, the mAbs were broadly 
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similarities and differences 
cerebellum and neocortex. —PJH 


protective against influenza 
virus A groups 1 and 2 (human, 
avian, and swine origin) and 
some influenza B viruses. These 
mAbs were also therapeutically 
effective as late as 72 hours 
after infection. The wide range 
of reactivity probably relates 

to the infection history of the 
donor, whose plasmablasts 
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generated antibodies with long 
regions that insert into the 
active site of the neuraminidase 
enzyme. —CA 

Science, this issue p. 499 


Measuring street 
protest events 


Street protests and popular 
marches are an important form 
of political expression, and how 
they are measured shapes our 
ability to understand their social 
significance. Fisher et al. review 
the growing research on protest 
events and crowd forming, with 
a focus on events following the 
2016 U.S. election. They describe 
best-practice methods for mea- 
suring protest size and protester 
motivation and making such 
protest data publicly available 
in real time. Such methods help 
us understand who protests and 
why and enable better assess- 
ments of the social and political 
impact of protests. —AC 
Sci. Adv. 10.1126/ 
sciadv.aaw5461 (2019). 


Tea for type 1 and 
type 2 diabetes 


Cell therapy is a promis- 

ing approach for treating 
diabetes. Yin et al. developed 
an elegant control system by 
engineering cells to respond to 
protocatechuic acid, a metabo- 
lite in green tea. Orally ingested 
protocatechuic acid regulated 
blood glucose by triggering 
secretion of insulin or a short 
variant of human glucagon-like 
peptide 1 from engineered 

cells implanted in mouse and 
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nonhuman primate models 
of type 1 and type 2 diabetes. 
This study demonstrates the 
versatility of synthetic biology 
for developing remotely con- 
trolled cell-based therapies for 
diabetes. —CC 
Sci. Transl. Med. 
11, eaav8826 (2019). 


ECONOMICS 
Racial bias in health 


algorithms 


The U.S. health care system 
uses commercial algorithms 
to guide health decisions. 
Obermeyer et al. find evidence 
of racial bias in one widely 
used algorithm, such that 
Black patients assigned the 
same level of risk by the algo- 
rithm are sicker than White 
patients (see the Perspective 
by Benjamin). The authors 
estimated that this racial bias 
reduces the number of Black 
patients identified for extra 
care by more than half. Bias 
occurs because the algorithm 
uses health costs as a proxy 
for health needs. Less money 
is spent on Black patients who 
have the same level of need, 
and the algorithm thus falsely 
concludes that Black patients 
are healthier than equally sick 
White patients. Reformulating 
the algorithm so that it no 
longer uses costs as a proxy 
for needs eliminates the racial 
bias in predicting who needs 
extra care. —TSR 

Science, this issue p. 447; 

see also p. 421 


NANOMATERIALS 
Milling corundum 


nanoparticles 

High-purity corundum 
(a-Al,O,) nanoparticles could 
enable applications such as 
more stable catalyst supports 
or precursors for high-strength 
ceramics. Milling of corundum 
only produces micrometer- 
scale particles, and direct 
synthesis from other alumi- 
num oxides that would be 
likely starting materials, such 
as y-Al,O,, fails because of 


SCIENCE sciencemag.org 


the high activation barrier for 
converting the lattice structure 
of these cubic close-packed 
oxides. Amrute et al. show 
that ball milling of boehmite, 
y-AIOOH, created ~13-nano- 
meter-diameter corundum 
nanoparticles of high purity 
through a mechanically induced 
dehydration reaction and by the 
effect of milling impacts on the 
surface energy of the particles. 
—PDS 

Science, this issue p. 485 


BIOGEOGRAPHY 
Earthworm distribution 
in global soils 


Earthworms are key com- 
ponents of soil ecological 
communities, performing vital 
functions in decomposition 
and nutrient cycling through 
ecosystems. Using data from 
more than 7000 sites, Phillips 
et al. developed global maps of 
the distribution of earthworm 
diversity, abundance, and 
biomass (see the Perspective 
by Fierer). The patterns differ 
from those typically found 
in aboveground taxa; there 
are peaks of diversity and 
abundance in the mid-latitude 
regions and peaks of biomass 
in the tropics. Climate variables 
strongly influence these pat- 
terns, and changes are likely 
to have cascading effects on 
other soil organisms and wider 
ecosystem functions. —AMS 
Science, this issue p. 480; 
see also p.425 


FERROELECTRICS 
Flexible ferroelectrics 


High-quality ferroelectric materi- 
als, which polarize in response 
to an electric field, are usually 
oxides that crack when bent. 
Dong et al. found that high- 
quality membranes of barium 
titanate are surprisingly flexible 
and super-elastic. These films 
accommodate large strains 
through dynamic evolution of 
nanodomains during deforma- 
tion. This discovery is important 
for developing more robust flex- 
ible devices. —BG 

Science, this issue p. 475 


IN OTHER JOURNALS 


BEHAVIOR 


Edited by Caroline Ash 
and Jesse Smith 


Dogs’ brains and behaviors 


ogs have been bred for traits ranging from herding and 
hunting to companionship. Attributes such as trainability 
or highly tuned olfaction characterize different breeds. 
Using magnetic resonance imaging, Hecht et al. scanned 
the brains of dogs from 10 breed groups defined by 
behavioral specializations. Although dogs showed diversity in 
craniofacial shape and brain volume, brain size was not strictly 
defined by body size. Brain networks were identified that 
related to behavioral specializations roughly corresponding 
to social bonding, taste and smell, physical movement, and 
affective and instinctual functions. The results show that the 
fingerprints of humans’ selective interest in particular types of 
behaviors is evident in the evolution of dogs’ brains. —PJH 


J. Neurosci. 39, 7748 (2019). 


Signs of 
human 
selection for 
behavioral 
specializations 
is evident in 
dogs’ brains. 


SIGNALING 
Network rewiring 
in cancer 


Cancer-causing mutations 

are likely to modulate exist- 

ing signaling networks rather 
than generate newly rewired 
networks. During tumor growth, 
tyrosine phosphorylation offers 


a candidate mechanism for 
transient alteration of physi- 
ological function because of 

its pivotal role in cell signaling. 
Working with mouse lung tissue 
samples, Lundby et al. used 
advances in mass spectrometry 
and proteomics to examine 

how oncogenic mutations in 
the epidermal growth factor 
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Adding dynamics to 


‘ —_ 
X-ray microscopy 


ray beam of 
pean X-Ray 


he development of third-generation x-ray sources, such as synchrotrons and free-elec- 
tron lasers, over the past two decades has provided light-beam brilliance and coherence 
that can be used to reveal structural details with exquisite spatial resolution. More recent 
efforts have focused on developing a dynamic capability that would reveal detailed 
snapshots of ultrafast structural and electronic processes occurring within solid-state 
and biological samples. By modulating the x-ray beam at megahertz frequencies, Vagovié et al. 
introduce a technique implemented at the European X-ray Free-Electron Laser (EuXFEL) facil- 
ity that provides microsecond temporal resolution along with micrometer spatial resolution 
and a better signal-to-noise ratio in the images. The results illustrate a promising route for the 
further development of temporally resolved x-ray imaging. —ISO 


Optica 6, 1106 (2019). 


receptor lead to changes in 
signals transmitted through 
its phosphorylated tyrosine 
residues. The authors focused 
on one mutation that alters a 
site three residues away froma 
phosphorylated tyrosine. This 
mutation not only abolished 
recruitment of the normal com- 
plex of proteins that interact 
with the site but also triggered 
interaction with different pro- 
teins that promoted oncogenic 
signaling. These findings could 
reveal new targets for antican- 
cer therapies. —LBR 

Cell 179, 543 (2019). 


GENOMICS 
The thermal adaptation 
of the proteome 


Climate change is likely to cause 
new and extreme environmental 
conditions, and we have little 
understanding of how species 
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will cope. Caddisfly larvae live 
wrapped in protective cases of 
grit or fibers among the stones 
of fast-flowing freshwater 
streams. Ebner et al. examined 
the proteome of the northern 
European caddisfly Crunoecia 
irrorata when raised at differ- 
ent temperatures between 
10° and 20°C. This species 
normally lives in the steady 
environment of groundwa- 
ter springs, but this study 
shows that it appears to have 
compensatory mechanisms 
that respond to warming. The 
authors found that differen- 
tial expression of proteins 
with functional annotation in 
candidate thermoregulatory 
systems increased as tempera- 
ture increased. It seems that C. 
irrorata has a higher tolerance 
to temperature variation than 
previously thought. —LMZ 
Molec. Ecol. 10.1111/ 
mec.15225 (2019). 
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MICROBIOLOGY 
Broadening microbiota 
transplants 


Fecal microbiota transplanta- 
tion (FMT) has been successful 
at treating Clostridium difficile 
infections, although recent 
events show there are major 
risks of antibiotic resistant 
pathogen transfer (as noted 

by a recent U.S. Food and Drug 
Administration alert). FMT is 
also being investigated to treat 
bowel cancers and improve 
therapeutic responses. The 

gut is not the only site in which 
the symbiotic microbiota 

can promote homeostasis. In 
particular, the vagina contains a 
specialized microbiota that can 
be altered after bacterial infec- 
tion. Lev-Sagie et al. treated five 
patients with intractable and 
recurrent bacterial vaginosis 
with vaginal microbiota trans- 
plantation (VMT) from healthy 
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donors. Four of the women 
underwent long-term remission 
and reconstitution of a normal 
microbiota. No adverse effects 
were seen in this study, indicat- 
ing that VMT could be tested 
in randomized clinical trials. 
—GKA 

Nat. Med. 25,1500 (2019). 


SEDIMENT TRANSPORT 
Worldwide river 
sediment flux 


The sediment flux coming 
out of rivers into the ocean is 
important for river systems and 
resource management. Li et al. 
compiled a dataset of sediment 
fluxes for more than 4000 rivers 
worldwide. The data provide a 
picture of sediment and water 
flux that future research data 
can be compared against. The 
authors found that many rivers 
have lower sea-going sedi- 
ment flux partly as a result of 
upstream dams and irrigation 
practices. Changes in water 
and sediment fluxes because 
of human impact and climate 
alters coastal environment and 
biogeochemical cycles. —BG 

Sci. Bull. 10.1016/ 
j.scib.2019.09.012 (2019). 


METABOLOMICS 
Parallel profiling of an 
enzyme family 


Uncharacterized gene 
sequences are annotated 
based on the function of distant 
relatives and often have very dif- 
ferent functions in reality. Kim 
et al. developed a method based 
on untargeted metabolomics 
to fill in the gaps and assign 
precise function to members 
of the M20 peptidase family, 
which generally catalyze amide 
bond cleavage. Viral transduc- 
tion of each enzyme in mice and 
comparative analysis of levels 
of metabolites in liver tissue 
recovered known enzyme func- 
tions for two family members 
and assigned a new function, 
dipeptide cleavage, for one 
of the orphan enzymes in this 
family. —MAF 
Cell Chem. Biol. 10.1016/j. 
chembiol.2019.09.009 (2019). 
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RENEWABLE ENERGY 
A multifaceted future for 
wind power 


Modern wind turbines already 
represent a tightly optimized 
confluence of materials science 
and aerodynamic engineering. 
Veers et al. review the challenges 
and opportunities for further 
expanding this technology, with 
an emphasis on the need for 
interdisciplinary collaboration. 
They highlight the need to better 
understand atmospheric physics 
in the regions where taller tur- 
bines will operate as well as the 
materials constraints associated 
with the scale-up. The mutual 
interaction of turbine sites 
with one another and with the 
evolving features of the overall 
electricity grid will furthermore 
necessitate a systems approach 
to future development. —JSY 
Science, this issue p. 443 


MICROBIOTA 
One world, one health 


As people increasingly move to 
cities, their lifestyles profoundly 
change. Sonnenburg and 
Sonnenburg review how the shift 
of recent generations from rural, 
outdoor environments to urban- 
ized and industrialized settings 
has profoundly affected our biol- 
ogy and health. The signals of 
change are seen most strikingly 
in the reduction of commensal 
microbial taxa and loss of their 
metabolic functions. The extir- 
pation of human commensals is 
aresult of bombardment by new 
chemicals, foodstuffs, sanita- 
tion, and medical practices. For 
most people, sanitation and 
readily available food have been 
beneficial, but have we now 
reached a tipping point? How 
do we “conserve” our beneficial 
symbionts and keep the patho- 
gens at bay? —CA 

Science, this issue p. 444 
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IMMUNOLOGY 
Commensals rule the 
MAITrix 


Mucosal-associated invariant T 
(MAIT) cells play an important 
role in mucosal homeostasis. 
MAIT cells recognize microbial 
small molecules presented by 
the major histocompatibility 
complex class Ib molecule MR1. 
MAIT cells are absent in germ- 
free mice, and the mechanisms 
by which microbiota control 
MAIT cell development are 
unknown (see the Perspective 
by Oh and Unutmaz). Legoux 
et al. show that, in mice, 
development of MAIT cells 
within the thymus is gov- 
erned by the bacterial product 
5-(2-oxopropylideneamino)-6-D- 
ribitylaminouracil, which rapidly 
traffics from the mucosa to the 
thymus, where it is captured by 
MR1 and presented to develop- 
ing MAIT cells. Constantinides et 
al. report that MAIT cell induc- 
tion only occurs during a limited, 
early-life window and requires 
exposure to defined microbes 
that produce riboflavin deriva- 
tives. Continual interactions 
between MAIT cells and com- 
mensals in the skin modulates 
tissue repair functions. Together, 
these papers highlight how the 
microbiota can direct immune 
cell development and subse- 
quent function at mucosal sites 
by secreting compounds that act 
like self-antigens. —STS 

Science, this issue p. 494, p. 445; 

see also p. 419 


PLANT BIOLOGY 
Plant thirst quenched 
without water 


Drought causes many billions 

of dollars of annual losses to 
farmers worldwide. Central to a 
plant's water use efficiency are 
signaling pathways regulated 

by the hormone abscisic acid 
and its receptors. Vaidya et al. 
screened a pool of candidate 
small molecules and used struc- 
ture-guided design to optimize 
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the function of an abscisic 
acid receptor agonist (see the 
Perspective by Phillips and 
Sussman). Application of the 
agonist protected Arabidopsis, 
wheat, and tomato from under- 
watering. —PJH 

Science, this issue p. 446; 

see also p. 416 


INNATE IMMUNITY 
NODs require 
S-palmitoylation to signal 


The compartmentalization 
of proteins within the cell is 
essential for their function. 
The addition of lipid molecules 
redistributes proteins to the 
cell surface or to membrane- 
bound organelles. Working in 
transgenic mice and in tissue 
cultured cells, Lu et al. found 
that nucleotide oligomerization 
domain-like receptors 1 and 2 
(NOD1 and NOD2), two pro- 
teins responsible for detecting 
bacterial products, required 
lipid modifications for their 
recruitment to the cell mem- 
brane and function. The specific 
modification, palmitoylation 
at a cysteine thiol, was medi- 
ated by the enzyme ZDHHC5. 
Loss of ZDHHC5 or removal 
of key modification residues 
in NOD1 and NOD2 abolished 
their function, compromising 
antibacterial responses. Human 
variants of NOD2 display altered 
palmitoylation, which could help 
to explain many inflammatory 
conditions, such as irritable 
bowel syndrome. —SMH 

Science, this issue p. 460 


STRUCTURAL BIOLOGY 


Complex regulation 

The protein kinase mTORC1 
controls cellular growth in 
response to external signals. 
Inthe presence of nutrients, it 
localizes on the surface of the 
lysosome, where it is activated. 
The Raptor domain of mTORC1 
binds to a complex comprising 
the protein Ragulator and a het- 
erodimer of the Rag guanosine 
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triphosphatase, which can 
adopt four different nucleotide 
conformations depending on 
nutrient availability. Rogala et al. 
determined the structure of the 
Raptor-Rag-Ragulator complex 
at 3.2-angstrom resolution by 
cryo-electron microscopy. The 
structure shows why Raptor 
binds only to a specific nucleo- 
tide conformation of the Rag 
heterodimer and suggests a 
model for how mTORC1 would 
dock onto the lysosomal surface, 
which is a key step in its activa- 
tion. -VV 

Science, this issue p. 468 


MUTATION 
Genetic background 
affects variation 


Robustness, or the effect of 
mutations on fitness, can affect 
the evolutionary trajectory of a 
species. By introducing a large 
number of deleterious mutations 
into many different genetic back- 
grounds of yeast, Johnson et al. 
found that, for many mutations, 
the more fit the background, 
the larger the deleterious 
effect of the mutation (see the 
Perspective by Miller). A more-fit 
lineage is thus less tolerant to 
deleterious mutations, whereas 
less-fit lineages can tolerate 
more mutations. This observa- 
tion supports a tendency toward 
diminishing returns for benefi- 
cial mutations, which has been 
shown to influence patterns of 
adaptation. —LMZ 

Science, this issue p. 490; 

see also p. 418 


STRUCTURAL BIOLOGY 
Coupled transport 


Cation-chloride cotransport- 
ers move chloride and cations 
across the cell membrane and 
are important in regulating cell 
volume and setting the chlo- 
ride concentration inside the 
cell. Mutations lead to serious 
diseases, such as epilepsy. Liu 
et al. present the structure of 
the human potassium-chloride 
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cotransporter KCCl, as deter- 
mined by cryo-electron 
microscopy. Based on the 
structure, functional studies, and 
molecular dynamics simulations, 
they propose an ion transport 
model. The structure provides 
a framework for interpreting 
disease-related mutations in 
potassium-chloride cotransport- 
ers. —VV 

Science, this issue p. 505 


TUMOR IMMUNOLOGY 
Interior tumor views 


Previous studies indicate that a 
high frequency of intratumoral 
neutrophils is associated with 
a poor clinical prognosis. Si 
et al. used microscopy and 
imaging techniques to examine 
how intratumoral interactions 
between tumor-associated 
neutrophils (TANs) and tumor- 
infiltrating lymphocytes (TILs) 
can affect TIL function. They 
ocalized functional cell subsets, 
which were then used to identify 
hotspots of TAN-TIL interactions 
within tumors. Some of these 
TANs had a distinct phenotype, 
and their physical association 
with TILs reduced antitumor 
functions of those TILs. —CNF 
Sci. Immunol. 4, eaaw9159 (2019). 


IMMUNOMETABOLISM 
Metabolic quiescence for 
B cell maturity 


Transitional B cell precursors 
mature into follicular B cells, 
which are involved in antibody 
responses. Farmer et al. discov- 
ered a metabolic checkpoint 
in this developmental process. 
Compared with transitional 
B cells, mouse and human fol- 
licular B cells were metabolically 
quiescent and had increased 
activation of the kinase AMPK 
and increased levels of the cell 
surface ectoenzymes CD39 and 
CD73, which generate extracel- 
lular adenosine. Transitional 
human B cells that expressed 
CD73 or were exposed to an 
AMPK agonist preferentially 
acquired a follicular B cell 
phenotype. —ERW 

Sci. Signal. 12, eaaw5573 (2019). 
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SPIN PHYSICS 
Coherent surface spin 
manipulation 


Spin-based quantum infor- 
mation processing requires 
coherent spin manipulation. 
Yang et al. demonstrate coher- 
ent control of surface titanium 
and iron atom spins ona 
magnesium oxide surface with 
a magnetic scanning tunnel- 
ing microscope tip. Arbitrary 
sequences of fast electrical 
pulses delivered to the top 
induced large electric fields. 
These fields drove metal-atom 
movement, which then modu- 
ated the tip-atom exchange 
interaction to create an oscil- 
ating effective magnetic field. 
Advanced spin-control proto- 
cols such as Ramsey fringes 
and Hahn spin echoes revealed 
quantum dynamics, such as 
coherent oscillations in a tita- 
nium atom dimer assembled on 
the surface with the tip. —PDS 
Science, this issue p. 509 
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Grand challenges in the science of wind energy 


Paul Veers*, Katherine Dykes*, Eric Lantz*, Stephan Barth, Carlo L. Bottasso, Ola Carlson, 
Andrew Clifton, Johney Green, Peter Green, Hannele Holttinen, Daniel Laird, Ville Lehtomaki, 
Julie K. Lundquist, James Manwell, Melinda Marquis, Charles Meneveau, Patrick Moriarty, 
Xabier Munduate, Michael Muskulus, Jonathan Naughton, Lucy Pao, Joshua Paquette, 

Joachim Peinke, Amy Robertson, Javier Sanz Rodrigo, Anna Maria Sempreviva, J. Charles Smith, 


Aidan Tuohy, Ryan Wiser 


BACKGROUND: A growing global population 
and an increasing demand for energy services 
are expected to result in substantially greater 
deployment of clean energy sources. Wind en- 
ergy is already playing a role as a mainstream 
source of electricity, driven by decades of sci- 
entific discovery and technology development. 


Global weather effects 


(1000 km or more) 


(~1to 100 km) 


Additional research and exploration of design 
options are needed to drive innovation to meet 
future demand and functionality. The growing 
scale and deployment expansion will, however, 
push the technology into areas of both scien- 
tific and engineering uncertainty. This Review 
explores grand challenges in wind energy re- 


Mesoscale processes 
(~100 to 1000 km) 


\ Turbine dynamics 
\(~1m to1km) 


Electric systems dynamics 


Planning (1 month - 1 decade) 


The cascade of scales underlying wind energy scientific grand challenges. Length scales from weather 
systems at a global level down the boundary layer of a wind turbine airfoil and time scales from seasonal 
fluctuations in weather to subsecond dynamic control and balancing of electrical generation and demand 
must be understood and managed. 
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search that must be addressed to enable wind 
energy to supply one-third to one-half, or even 
more, of the world’s electricity needs. 


ADVANCES: Drawing from a recent international 
workshop, we identify three grand challenges in 
wind energy research that require further prog- 
ress from the scientific community: (i) improved 
understanding of the phys- 
ics of atmospheric flow in 
the critical zone of wind 
power plant operation, 
(ii) materials and system 
dynamics of individual 
wind turbines, and (iii) 
optimization and control of fleets of wind 
plants comprising hundreds of individual 
generators working synergistically within the 
larger electric grid system. These grand chal- 
lenges are interrelated, so progress in each do- 
main must build on concurrent advances in the 
other two. Characterizing the wind power plant 
operating zone in the atmosphere will be essen- 
tial to designing the next generation of even- 
larger wind turbines and achieving dynamic 
control of the machines. Enhanced forecasting 
of the nature of the atmospheric inflow will 
subsequently enable control of the plant in the 
manner necessary for grid support. These wind 
energy science challenges bridge previously 
separable geospatial and temporal scales that 
extend from the physics of the atmosphere to 
flexible aeroelastic and mechanical systems 
more than 200 m in diameter and, ultimately, 
to the electrical integration with and support 
for a continent-sized grid system. 


OUTLOOK: Meeting the grand research chal- 
lenges in wind energy science will enable the 
wind power plant of the future to supply many 
of the anticipated electricity system needs at a 
low cost. The interdependence of the grand chal- 
lenges requires expansion of integrated and 
cross-disciplinary research efforts. Methods for 
handling and streamlining exchange of vast 
quantities of information across many disciplines 
(both experimental and computational) will also 
be crucial to enabling successful integrated 
research. Moreover, research in fields related 
to computational and data science will sup- 
port the research community in seeking to fur- 
ther integrate models and data across scales 
and disciplines. 
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RENEWABLE ENERGY 


Grand challenges in the science of wind energy 


Paul Veers'*, Katherine Dykes@*, Eric Lantz’, Stephan Barth®, Carlo L. Bottasso*, Ola Carlson®, 
Andrew Clifton®, Johney Green’, Peter Green’, Hannele Holttinen’, Daniel Laird’, Ville Lehtomaki®, 
Julie K. Lundquist*®, James Manwell?°, Melinda Marquis“, Charles Meneveau, Patrick Moriarty’, 
Xabier Munduate’’, Michael Muskulus”“, Jonathan Naughton”®, Lucy Pao’, Joshua Paquette”’, 
Joachim Peinke?“®, Amy Robertson’, Javier Sanz Rodrigo’, Anna Maria Sempreviva’, 


J. Charles Smith’®, Aidan Tuohy2°, Ryan Wiser” 


Harvested by advanced technical systems honed over decades of research and development, wind 
energy has become a mainstream energy resource. However, continued innovation is needed to realize 
the potential of wind to serve the global demand for clean energy. Here, we outline three interdependent, 
cross-disciplinary grand challenges underpinning this research endeavor. The first is the need for a 
deeper understanding of the physics of atmospheric flow in the critical zone of plant operation. The 
second involves science and engineering of the largest dynamic, rotating machines in the world. The 
third encompasses optimization and control of fleets of wind plants working synergistically within 

the electricity grid. Addressing these challenges could enable wind power to provide as much as half of 


our global electricity needs and perhaps beyond. 


bundant, affordable energy in many 
forms has enabled notable human 
achievements, including modern food 
and transportation infrastructure. Broad- 
based access to affordable and clean 
energy will be critical to future human achieve- 
ments and an elevated global standard of 
living. However, by 2050, the global population 
will reach an estimated 9.8 billion, up from 
~7.6 billion in 2017 (7). Moreover, Bloomberg 
New Energy Finance (BNEF) estimates sug- 
gest that annual global electricity demand 
could exceed 38,000 terawatt-hours per year 
by 2050, up from ~25,000 terawatt-hours in 
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2017 (2). The demand for low- or no-carbon 
technologies for electricity is increasing, as 
is the need for electrifying other energy sec- 
tors, such as heating and cooling and trans- 
port (2-4). As a result of these two partially 
coupled megatrends, additional sources of low- 
cost, clean energy are experiencing increasing 
demand around the globe. With a broadly 
available resource and zero-cost fuel, as well 
as exceptionally low life-cycle pollutant emis- 
sions, wind energy has the potential to be a 
primary contributor to the growing clean en- 
ergy needs of the global community. 

During the past decade, the cost of three 
major electricity sources—wind power, solar 
power, and natural gas—has decreased subs- 
tantially. Wind and solar are attractive because 
their low life-cycle emissions offer public health 
and broader environmental benefits. Leading 
energy forecasters such as consultancies, non- 
governmental organizations, and major energy 
companies—and specifically BNEF, DNV GL, 
the International Energy Agency (IEA), and 
BP—anticipate continued price parity among 
all of these sources, which will likely result in 
combined wind and solar supplying between 
one- and two-thirds of the total electricity 
demand and wind-only shares accounting for 
one-quarter to one-third across the globe by 
2050 (3-6). Tapping the potential terawatts 
of wind energy that could drive the economic 
realization of these forecasts and subsequently 
moving from hundreds of terawatt-hours per 
year to petawatt-hours per year from wind and 
solar resources could provide an array of fur- 
ther economic and environmental benefits to 
both local and global communities. 

From a business perspective, at just over 51 
gigawatts of new wind installations in 2018 
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(7) and more than half a terawatt of operating 
capacity, the global investment in wind en- 
ergy is now ~$100 billion (U.S. dollars) per 
annum. The energy consultant DNV GL pre- 
dicts that wind energy demand and the scale 
of deployment will grow by a factor of 10 by 
2050, bringing the industry to the trillion- 
dollar scale (6) and positioning wind as one 
of the primary sources of the world’s electric- 
ity generation. 

However, to remain economically attractive 
for investors and consumers, the cost of energy 
from wind must continue to decrease (8, 9). 
Moreover, as deployment of variable-output 
wind and solar generation infrastructure in- 
creases, new challenges surface related to the 
adequacy of generation capacity on a long- 
term basis and short-term balancing of the 
systems—both of which are critical to main- 
taining future grid system stability and reli- 
ability (10-12). 

A future in which wind energy contributes 
one-third to more than one-half of consumed 
electricity, and in which local levels of wind- 
derived power may exceed 100% of local de- 
mand, will require a paradigm shift in how we 
think about, develop, and manage the electric 
grid system (10-14). The associated transforma- 
tion of the power system in high-renewables 
scenarios will require simultaneous manage- 
ment of large quantities of weather-driven, 
variable-output generation as well as evolv- 
ing and dynamic consumption patterns. 

A key aspect of this future system is the 
availability of large quantities of near-zero 
marginal cost energy, albeit with uncertain 
timing. With abundant near-zero marginal 
cost energy, more flexibility in the overall 
electricity system will allow many different 
end users to access these “cheap” energy re- 
sources. Potential use cases for this energy 
could entail charging a large number of electric 
vehicles, providing inexpensive storage at dif- 
ferent system sizes (consumer to industrial) 
and time scales (days to months), or channel- 
ing into chemicals or other manufactured pro- 
ducts (sometimes referred to as “power-to-X” 
applications). 

A second key aspect of this future system 
is the transition from an electric grid system 
centered on traditional synchronous genera- 
tion power plants to one that is converter 
dominated (15). This latter paradigm reduces 
the physical inertia in the system currently 
provided by traditional power plants while 
increasing reliance on information and digital 
signals to maintain the robustness and power 
quality of the modern grid (72). 


Historical development of wind energy science 


Wind power was harnessed early in the his- 
tory of civilization, first to propel sailing vessels 
and later to drive windmills that were often 
used for grinding grain and pumping water. 
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However, it was not until the early 20th cen- 
tury, thanks to the pioneering work of Albert 
Betz and others in the burgeoning field of 
aerodynamics, that a foundation for wind 
energy science was developed (J6) and specifi- 
cally applied to electricity generation. Leverag- 
ing design principles informed by the science, 
“wind dynamos” were produced and deployed 
globally to provide power to those who could 
not yet access the larger electricity grid. As the 
modern electric system grew worldwide, how- 
ever, it was the oil crisis of the 1970s that 
rekindled interest in renewable energy tech- 
nologies and led to commercial adoption of 
grid-integrated wind energy systems. 

Since that time, wind energy has grown 
from a niche resource to supply ~5% of global 
electricity generation (7). Levels in some coun- 
tries have extended well beyond this global 
average, reaching 10%, 20%, or more in sev- 
eral countries around the world (17). This 
growth in wind energy deployment was as- 
sociated with a marked decline in the levelized 
cost of energy (LCOE) driven by both research 
and technological learning curves (78). Because 
of the nearly half-century of sustained inno- 
vation in wind energy, levelized costs are now 
a fraction of the early-1970s costs. Currently, 
costs for wind energy are ~$0.04/kilowatt-hour 
(9, 17) and are competitive, without subsidies, 
with other newly installed sources of electric- 
ity generation in a growing number of re- 
gions (19, 20). The reduction in LCOE over 
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recent decades has spurred further deployment 
of wind energy with annual global installa- 
tions reaching >50 gigawatts and cumulative 
operating capacity of wind energy of more 
than half a terawatt (see Fig. 1). 

Three fundamental drivers have reduced 
the cost of wind energy to date: increased hub 
height, power rating, and rotor diameter. These 
can be understood using the fundamental 
equation for wind turbine energy capture 


1 
P= pCpAV® 


where P is the instantaneous power produced, 
p is the air density, C, is the power coefficient 
(or overall machine aerodynamic-mechanical- 
electrical performance measure), A is the swept 
area of the rotor, and V is the free-stream air 
velocity. The design of the machine affects 
access to higher V, as well as performance, C,, 
and A. Increasing hub height reduces the in- 
fluence of the surface friction, allowing wind 
turbines to operate in higher-quality resource 
regimes where wind velocities are higher, with 
a compounding effect on power production. 
Larger generator capacity coupled with pow- 
er electronics—which enable variable-speed 
operation—provides more power produced 
per machine installed at a given location (as- 
suming a constant C,). More power per tur- 
bine allows fewer turbine installations, lower 
balance-of-system costs, and fewer moving 
parts (for a given level of power capacity), 
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thereby enhancing reliability. In addition, 
variable speed with constant frequency output 
allows the turbine to operate at peak C, across 
a wide range of wind speeds for increased en- 
ergy capture. The third fundamental driver is 
larger, more efficiently designed wind turbine 
rotors that sweep a greater area with advanced 
blades using less material. Larger rotors cap- 
ture more of the energy passing by each turbine, 
and because blade lengths can be increased 
while many other costs remain fixed, they 
provide a substantial cost reduction on a dollar- 
per-unit energy basis. In addition, as the size of 
the rotor grows relative to the generator rating, 
the turbine will have a lower rated wind speed 
and operate more frequently at full power out- 
put. Although today’s optimized, low-cost, and 
reliable machines—with hub heights at 100 m 
or more, blade lengths reaching well beyond 
50 m, and power ratings of 5 megawatts and 
up—are the beneficiaries of decades of fun- 
damental research and innovation, the next 
generation of improvement will depend on 
further advancements in knowledge and 
technology. 

In this context, continued wind technology 
innovation is challenging, partly because of 
classical problems. For example, simply scaling 
the machine rotor diameter and rated power 
runs afoul of the “square-cube law,” as it is 
commonly known within the wind industry 
and research community. Assuming a constant 
wind speed across the rotor plane, the amount 


GW 


600.0 


500.0 


400.0 


300.0 


200.0 


100.0 


1980 1982 1984 1986 1988 1990 


1992 1994 1996 1998 2000 2002 2004 


2006 2008 2010 2012 2014 2016 


Fig. 1. Global cumulative installed capacity (in gigawatts) for wind energy and estimated LCOE for the U.S. interior region in cents per kilowatt-hour from 
1980 to the present. Historical LCOE data are from (17) and (20) and have been verified for all but 5 years with the U.S. wind industry statistics database detailed in 
(17). LCOE data have been smoothed with a combination of polynomial best fit and linear interpolations to emphasize the long-term trends in wind energy costs. 
Historical installed capacity data are from the database detailed in (17), the Global Wind Energy Council, and the American Wind Energy Association. 
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of incorporated material scales with volume 
(the cube), whereas the energy capture scales 
only with the area of the rotor (the square). 
Although economies in the balance-of-system 
costs and elsewhere in the system mitigate 
the impacts of this particular problem, inte- 
grated innovation in all aspects of wind tur- 
bine design is necessary to achieve meaningful 
gains in per-unit energy costs. 

Future wind technology innovation is fur- 
ther challenged by the extent of progress that 
has been achieved already and can be illustrated 
by focusing on the wind turbine blade. A mod- 
ern blade is far more sophisticated in aerody- 
namic design, use of materials, manufacturing 
process, and structure than ever before (21, 22) 
and has fundamentally different features than 
other aerodynamic applications such as airplane 
wings. Figure 2 shows a comparison of the de- 
sign features of a current state-of-the-art blade 
versus a blade from the 1980s. Some key in- 
novations include higher tip speeds to reduce 
torque and minimize drivetrain weight; higher 
speed and high-lift airfoils for a more slender, 
lighter blade; and innovative tip shapes to 
mitigate noise. Innovations over time have led 
to modern blades that are 90% lighter than 
the 1980s blade would be if simply scaled to 
current lengths. Examples include aeroelastic 
tailoring, which passively reduces the loads 
through coupling blade bending and twist; 
thicker flat-back airfoils, which enable im- 
proved aerodynamic performance from the 
load-bearing section near the hub; add-ons 
such as vortex generators and flow fences; 
and a variety of manufacturing improve- 
ments (23, 24). 


Grand challenges in wind energy research 


The research challenges that are critical to 
realizing the full potential of wind energy 
stem from the complex and highly coupled 


Passive twist bend 
Tip shape 


Planform and solidity 


Trailing edge add-ons 
for noise reduction 


phenomena that cross many physical and 
temporal scales relevant to wind energy and 
the broader power system. To extract maxi- 
mum value at minimum cost while maintain- 
ing power system reliability and resiliency, 
it is important to look from global weather 
phenomena to regional weather activity to 
complex local flows, and ultimately, to the 
responses of the turbines within the power 
plant (Fig. 3). At the same time, the behavior 
of the wind resource varies greatly by loca- 
tion, as the wind resource behaves differently 
offshore, across plains, and over mountains. 
Moreover, a fleet of wind power plants must 
be in sync with the demands of power system 
operators as well as consumers at time scales 
ranging from the subsecond to the decade. 
Although the European Academy of Wind 
Energy envisioned a comprehensive agenda 
for research challenges in wind energy in 2016 
(25), the scale of further technology advance- 
ment and the magnitude of the challenge 
associated with relying on wind energy for 
one-third or more of the global electricity 
demand necessitated further examination 
of research needs. This additional effort sought 
to sharpen the focus of the wind energy re- 
search community and identify critical skills 
and capabilities from the broader scientific 
and research community that will be neces- 
sary to enable use of wind energy at very 
high levels. To address this need, a group 
of international wind power experts came 
together in a series of IEA Wind Technology 
Collaboration Programme meetings beginning 
in October 2017 to explore and articulate in- 
novation pathways and associated research 
challenges that, if addressed, would position 
wind energy as a primary supplier of the 
world’s electricity needs at levels of one- 
third to one-half or even more [see (26) for 
detailed findings]. These challenges were 
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Fig. 2. Wind turbine blade innovation comparing a modern commercial blade (top) and a commercial 
blade from the mid-1980s (bottom) scaled to the same length. The modern blade is 90% lighter than 


the scaled 1980s technology. 
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then synthesized into a set of three grand 
challenges requiring a comprehensive and 
integrated research program across many 
scientific disciplines (27). 


First grand challenge: Improved understanding 
of atmospheric and wind power plant 

flow physics 

Wind energy ensues from the uneven heating 
of Earth’s surface and the Coriolis forces of 
Earth’s rotation. It is a heterogeneous resource 
highly dependent on geographic location and 
local terrain, whether mountainous or rela- 
tively flat, in plains or deserts. The wind re- 
source over the ocean depends on a different 
set of meteorological drivers, including sea and 
land breezes, proximity to land, water versus 
air temperature, and wave height. Even in 
specific locales, the wind varies between day 
and night and across seasons. Wind turbines 
reside in the lower levels (e.g., <300 m) of the 
atmospheric or planetary boundary layer. This 
region is referred to as the surface layer and is 
where obstructions such as trees, buildings, 
hills, and valleys cause turbulence and reduce 
the speed of the wind. Because the sources 
of wind originate in global meteorological 
phenomena and the subsequent extraction 
of energy from the wind occurs in the surface 
layer, the scales and physics involved reach 
further than those of many, if not all, other 
large-scale dynamic systems. Historically, sim- 
plification of the overall physics associated 
with different scales allowed narrowly focused 
research communities to thrive independently. 
In this context, wind designers have avoided 
the need to model large-scale weather effects 
by focusing on the flow over short durations 
and affected only by local topography. This 
approach requires assumptions such as sta- 
tionarity (consistency over time) and surface- 
layer similarity (where momentum and heat 
fluxes are uniform with height) and separates 
the physics into flows at large mesoscales ver- 
sus plant-level microscales (28-30). 

More specifically, the mesoscale and the 
microscale are numerically modeled in funda- 
mentally different ways, thereby making the 
assessment of atmospheric effects on wind 
plants that span these scales extremely diffi- 
cult. The mesoscale processes, which influence 
local weather, are on the order of 5 to hundreds 
of kilometers in size and are typically mod- 
eled using grid spacing of 1 to 10 km. Micro- 
scale processes, the phenomena that drive 
wind turbine and plant behavior, extend well 
below 1 km and have grid spacing between 
5 and 100 m horizontally. Vertically, micro- 
scale model resolution may go to within a 
few meters of the surface, but the flow is 
treated as an average over the horizontal grid 
spacing, making resolution of flow details 
that affect a wind turbine impossible. If the 
length scale of the process is much greater 
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than the model grid spacing, the process is 
explicitly resolved; if the length scale of the 
process is much less than the model grid spacing, 
the process is parameterized or simplified. 

Atmospheric phenomena that span approx- 
imately 1.5 to 0.5 km exist at the interface of 
mesoscale and microscale processes (Fig. 3). 
This zone, dubbed the “terra incognita” (un- 
known territory) by Wyngaard (31), spans 
atmospheric processes and their respective 
physical models of fundamentally different 
character and understanding. At spatial scales 
greater than 1.5 to 0.5 km, models resolve 
only average flows, parameterizing the effects 
of turbulence implicitly, whereas models over 
smaller distances resolve turbulence explicitly 
and simulate the time-varying, stochastic flow 
fields. Linking the two depends on a compre- 
hensive understanding of the nature of the 
transition, an understanding that is currently 
elusive (32, 33). 

The scale that characterizes the terra incog- 
nita has become increasingly important as the 
economics associated with wind turbines and 
plants have pushed blade tip heights and rotor 
sizes to 200 m, with expectations for even 
larger sizes in the future. At this scale, wind 
turbines are affected by turbulent flow fea- 


a 


tures that are driven by mesoscale phenomena 
and play out within the terra incognita. Spe- 
cifically, the spatial scale of these atmospheric 
processes begins to match the scale and height 
of the turbine rotor, and accordingly, the physics 
of this poorly understood zone becomes critical 
to ensuring optimal design and performance 
of individual turbines and entire wind power 
plants (34, 35). 

Closely associated and interlinked with the 
mesoscale-to-microscale transition are addi- 
tional challenges in understanding the flow 
physics of wind power plants. First, flow pro- 
pagating through the wind power plant depends 
on microscale flow effects from the combined 
influence of the atmosphere and terrain on 
land, the sea surface offshore, or both. Sec- 
ond, interaction with the turbines themselves 
modifies the flow as it passes through each 
subsequent row of turbines in the plant. 

Although past use of simplified physical 
models and basic observational technology 
has allowed for installation of wind power 
plants and predictions of performance in a 
variety of terrain types, there are still major gaps 
in our knowledge about wind flows in complex 
terrain or under varying atmospheric stability 
conditions that can change over the course of 


Fig. 3. Relevant wind power scales across space—from large-scale atmospheric effects in local 
weather at the mesoscale to inter- and intraplant flows and topography at the microscale. 
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a day or season (34, 36). Moving to offshore 
wind power introduces additional coupled 
physics of the meteorological-oceanographic 
(i.e., the “metocean”) environment, where a 
nontrivial modeling uncertainty remains, es- 
pecially with breaking or irregular waves, at- 
mospheric stability, and tropical storms (37). 

The creation of wakes—low-energy regions 
in the flow caused by extracting energy from 
that flow—is illustrated in Fig. 3 as haze 
streaming behind the turbines in the micro- 
scale flow graphic and behind the full wind 
plants in the mesoscale. The existence of wakes 
further complicates the process of understand- 
ing both the overall plant performance (energy 
production) and the loads experienced by the 
turbines (translating to capital and operational 
costs). Wind turbine wakes are complex: Their 
behavior varies with turbine size and design as 
well as different inflow and turbine operating 
conditions and may have long-lasting effects, 
both within a given wind plant and between 
neighboring plants (33, 38-40). 

The impact of the wake of one power plant 
on downstream plants and the local environ- 
ment has also been explored with mesoscale 
modeling tools (47-43) as well as in situ mea- 
surements (35, 44-47) but is not yet well un- 
derstood. Measurable changes in the local 
microclimate can influence surface temper- 
ature, humidity, and agriculture (35, 44), but 
these effects are also highly variable and dif- 
ficult to predict. This is even true of offshore 
wind farm microclimates (47). Some investi- 
gators question at what point regional devel- 
opment of wind reaches saturation and then 
diminishing returns (48, 49), but opinions vary 
widely. Wind farm wakes also change with at- 
mospheric stability, which complicates the 
ability to assess interference (50, 57). Finally, 
the regional intensity of the resource may be 
affected by changes in the climate (52), raising 
issues of siting and profitability for future wind 
power plant development. For more detailed 
research questions specific to relevant subdisci- 
plines, including meteorology research and fluid 
turbulence, see (53) and (54), respectively. 

Recent advances in measurement technolo- 
gies for remote sensing (using lasers, acoustics, 
or radar to measure atmospheric phenomena) 
are being used to characterize wakes as they 
form and propagate through wind power plants 
(55-60). However, additional advances in such 
technologies and their use in measurement 
campaigns in a wide range of environmental 
conditions are needed to further resolve the 
physics of wakes and their impact on the 
individual turbine, overall plant, and inter- 
plant operation. In the offshore metocean 
environment, it is even more challenging to 
collect measurements (61). In these cases, 
Sempreviva et al. show how integration of 
data from lighthouses, ships, and buoys can 
be incorporated with remote sensing and 
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Fig. 4. Wind turbine blades are complex composite shell structures in which small-scale manufacturing 
flaws can grow because of the incessant turbulence-driven loading that can cause large-scale 


problems. 


modeling (62). Such platforms can extend 
the reach of measurements but impose their 
own limitations, illustrating the need for greater 
innovation in instrumentation and techniques. 


Second grand challenge: Aerodynamics, 
structural dynamics, and offshore wind 
hydrodynamics of enlarged wind turbines 


An operating wind turbine may appear to be 
very still, apart from the rotation of the blades, 
yet the entire system is constantly flexing be- 
cause of forces and moments in all directions 
and over its entire operating life of 20 years or 
more. Underpinning this constant movement 
are important couplings between the wind 
flow into and through a plant and the turbine 
responses and interaction with that flow. The 
dynamics of the turbine response over its life- 
time requires meaningful further research. 

In the past several decades, numerical wind 
turbine simulation capabilities that incorpo- 
rate state-of-the-art knowledge of wind turbine 
physics (e.g., coupling aerodynamics, structural 
dynamics, control systems, and even hydrody- 
namics for offshore applications) have enabled 
the wind industry to design machines that de- 
liver efficient power for years on end, surviving 
all weather extremes. As a result, wind turbines 
have grown to become the largest flexible, ro- 
tating machines in the world—massive civil 
engineering structures that must operate 
continuously for 20 years or more (a typical 
design and financial amortization period) 
under constant complex loading. Blade lengths 
are approaching 80 m and towers are growing 
well above 100 m for maximum tip heights, 
often exceeding 200 m, equivalent to a building 
more than 60 stories high. To put these dimen- 
sions in another context, three of the largest 
passenger aircraft, an Airbus A380-800s with a 
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wingspan of 80 m, could fit within the swept 
area of one wind turbine rotor. 

However, for both land-based and offshore 
applications, the industry is seeking even 
larger turbines that access higher wind speeds 
aloft and provide further economies of scale, 
reducing manufacturing, installation, and op- 
erational costs per unit of plant capacity. As 
machines continue to increase in size, several 
important research questions pertaining to 
wind turbine dynamics must be addressed. 
These questions involve the interaction of 
turbine dynamics with the atmosphere, wakes, 
and other sources of complex inflow to the 
rotor, as well as the high Reynolds number 
and aeroelastic behavior of very large and 
flexible machines. In addition, the dynam- 
ics associated with deployment offshore in 
conditions such as extreme weather events 
or deployment on floating platforms with 
additional degrees of freedom in movement 
must also be explored. 

The larger turbines of the future would 
operate partly above the often-studied atmo- 
spheric surface layer where they could en- 
counter substantial variation in inflow because 
of poorly characterized factors, such as shear 
(vertical differences in wind speed), veer (ver- 
tical differences in wind direction), and wakes 
of upstream turbines. The challenge lies not 
only in understanding the atmosphere but 
in deciphering which factors are critical in 
both power-generation efficiency and structural 
safety. The design perspective must increas- 
ingly consider the interdependence of the 
meso-to-microscale transition and the turbine 
dynamics to assess, accurately predict, and 
manage loads (33, 37, 63, 64). 

The aerodynamic assumptions themselves 
are increasingly being questioned. The inter- 
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action between a highly variable inflow and 
the unsteady aerodynamics of the moving and 
deforming blades is pushing the limits of cur- 
rent theory. Recent experiments at the largest 
scales now possible by the Danish Technical 
University (65) suggest that the interaction of 
these large blades with turbulence of different 
intensities could be affecting the fundamen- 
tal lift and drag characteristics of the airfoil, 
which is not a consideration at smaller scales 
(66). Because experimental ground truth is 
difficult to obtain in the uncontrollable at- 
mosphere, researchers are looking to the next 
generation of exascale supercomputers to 
provide insight that bridges the blade surface 
boundary layer (in micrometers) to the plan- 
etary boundary layer (in kilometers) (67, 68). 

The elastic displacements of these highly 
flexible structures complicate the aerodynam- 
ics, creating complex aeroelastic behavior of 
the machines as they grow in size. Blades 
moving through air shed vorticity, which is 
normally convected downstream and away 
from a relatively stiff structure. When the 
blades flex into and out of the wind, the rotor 
interacts with its own vorticity, calling the 
accuracy of the design assumptions into ques- 
tion. Additionally, structural dynamics of blades 
incorporating composite materials, built-in 
curvature and sweep, and large nonlinear 
deflection (including torsion and bend-twist 
coupling) further complicate models of the 
physics (69) and the assessment of crucial 
design aspects such as stability (70, 71). In 
fact, although aeroelastic stability has typically 
not been a key design driver for rotor blades 
up to now, the situation may change for future 
highly flexible and large rotors. Indeed, stabil- 
ity analysis is necessary for avoiding resonance 
phenomena, ensuring a safe margin to flutter, 
and understanding the effects of low damped 
modes on vibrations and loading. 

Offshore wind power plants require the 
combined modeling of aerodynamics and the 
hydrodynamic forces from waves and currents. 
Although offshore structures for a variety of 
applications (including oil drilling) have been 
designed and constructed for decades, the 
aerodynamic and hydrodynamic forces have 
not been of similar magnitudes, nor have they 
interacted to such an extent that coupled anal- 
ysis was required (72-74). To explore config- 
urations for offshore support structures specific 
to wind energy, the hydrodynamic models will 
need to include the combined nonlinearity and 
irregularity of sea states, breaking waves (75), 
viscous effects on bluff bodies at high Reynolds 
numbers, vortex-induced vibrations, dynamic 
soil-structure interactions of the seabed foun- 
dation, and more (73, 76, 77). Particularly rele- 
vant for these offshore applications are the 
extreme weather conditions, such as hurri- 
canes or tropical cyclones, that are prevalent 
in many areas of the world where offshore 
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wind energy deployments are planned, such 
as on the East Coast of the United States or in 
the Pacific Ocean near Korea, Taiwan, and 
Japan (78, 79). Han et al. outline the factors 
that must be taken into consideration when 
building an offshore wind power plant in re- 
gions affected by hurricanes (80). 

Floating offshore systems, which promise to 
enable wind energy in large areas of the ocean 
with water depths of ~60 m or more, have 
additional degrees of freedom in the motion 
of the turbine platform (74). The uncertainty 
associated with the rotor interacting with its 
own vorticity for very large blades is ampli- 
fied if the entire rotor is rocking into and out 
of its own wake (87), as could happen on a 
floating foundation (82). This aerodynamic 
problem is compounded by hydrodynamic 
complexity because the large motions under- 
gone by these turbines violate hydrodynamic 
theory assumptions typically used in marine 
structural design (74, 83). The coupled stability 
analysis of such complex aero-hydro-servo- 
elastic systems is a problem that has not been 
thoroughly studied in the past. 

New materials and manufacturing methods 
are an integral part of enabling the develop- 
ment of these structures. Understanding the 
dynamics will help establish the design re- 
quirements, but materials and manufacturing 
breakthroughs will be needed to enable low- 
cost, reliable machine designs. Although wind 
energy has benefited from materials innova- 
tion in the past several decades—through 
fiber-reinforced composites, rare-earth magnets, 
semiconductors for power electronics, lubri- 
cants, and more—there is still a critical need 
to improve materials performance for partic- 
ularly difficult environmental conditions and 
operational loads. The specific challenges 
related to materials science and engineering 
for wind energy are the need for materials to 
have tuned or customized properties for the 
specific application, as well as the need to be 
commoditized—that is, easily mass produced 
at very low cost. Ready recyclability is another 
desirable attribute (the blade shown in Fig. 4 
is one example of a difficult-to-recycle com- 
ponent). The turbine blade and various sub- 
components must be integrated at large scales 
(1 to =100 m), but their properties need to be 
tailored at small scales (1 um to =1 mm). 

The blade requires sufficient stiffness to 
avoid striking the tower, flexibility to adapt 
continuously to changing wind conditions, 
durability to last for two decades, and a sur- 
face that fights erosion while shedding mois- 
ture and dirt—all at commodity prices. Modern 
blades still use materials similar to those of the 
1990s machines, which were based on low-cost 
composite fibers and durable epoxy resins. In- 
novations in the resin matrix, fiber reinforce- 
ment, and core materials, as well as adhesives 
and manufacturing protocols, are needed to 
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achieve improved strength, stiffness, and 
weight properties at very low cost. Blade man- 
ufacturing would be markedly improved if 
thermoplastic resins could be proven viable 
for blades, allowing secondary welding of the 
composite structural elements and, perhaps 
most importantly, recyclability at the end of life 
(84). Beyond blades, the tower; load-bearing 
supports; sensors for the machine and the 
environment; mechanical drive components, 
such as bearings and lubricants; and electrical 
drivetrain components, such as generators, as 
well as semiconductors used in the inverters, 
power-control, and grid support functions, 
would benefit from further innovation. 


Third grand challenge: Systems science for 
integration of wind power plants into the future 
electricity grid 


The global electricity system operates on sev- 
eral times scales, supplying all of the demand 
for both bulk energy and instantaneous power. 
Time scales vary as a function of the need for 
robust grid stability and reliability, operation, 
and planning and extend from the subsecond 
to decades (Fig. 5). Within each of these broader 
time scales, power plants must provide many 
functions for the grid, including protection 
against lightning, short circuits, and surges; 
robust operation under perturbation by tran- 
sients, resonance, and voltage instabilities; 
energy demand matching within minutes to 
hours; and long-term predictable and con- 
trollable supply of capacity (0, 17). In addition, 
electricity generated by large, rotating machines, 
such as those now found in thermal and hy- 


droelectric plants, creates an energy transmis- 
sion grid with attributes (e.g., frequency, voltage, 
and phase) that are defined by the physical 
rotation and inertia of those generators. 

As physical inertia from traditional power 
plants decreases relative to overall system 
capacity, converter-based generation, such as 
wind and solar power plants, must provide 
more predictable and controllable power as 
well as services that support grid reliability, 
stability, and formation (85). Wind power plants 
today can support many of the needs of the 
current grid (86-88), but additional research 
is needed to address how wind plants of the 
future and their special attributes can be used 
to serve the demands of a converter-based 
grid (72). The path to realizing this future will 
require substantial research at the intersec- 
tions of atmospheric flow modeling, individ- 
ual turbine dynamics, wind plant control, and 
the larger electric system operation. The third 
grand challenge encompasses three intersect- 
ing research areas: wind power plant controls, 
the converter-dominated electric grid, and in- 
tegrated data and modeling computational 
methods for system analysis and operation. 

As a first step, researchers must solve chal- 
lenges related to wind plants by providing suf- 
ficient control authority to serve an expanding 
set of functionalities. Growing experience 
with wind plants is revealing the complexity 
of managing systems with hundreds of sto- 
chastically driven individual wind turbine 
agents. Recent research highlights the possi- 
bility of not only maximizing energy production 
but also managing the flow field to increase 
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Fig. 5. Power generated by the weather-driven plant must connect to the electrical grid and support 
the stability, reliability, and operational needs on time scales ranging from microseconds (for 
managing disturbances) to decades (for long-term planning). 
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Fig. 6. A spectrum of science, engineering, and mathematics disciplines that, if integrated, can com- 
prehensively address the grand challenges in wind energy science. 


system performance (89-91). By probing the 
collective data available during real-time op- 
eration, new opportunities for power plant 
control are emerging (92, 93). Greater com- 
prehension of the wind flow and dynamics 
enables real-time characterization of the plant 
operational state and the ability to control the 
flow and turbine responses in the short term. 
Innovative controls could leverage the attri- 
butes of the machines to supply ancillary ser- 
vices (e.g., the rotational inertia of the blades 
could be tapped to ride through grid faults, or 
the distributed power electronics in the con- 
verters connected to the generators could be 
used to manage grid requirements). For ex- 
ample, recent work has used such integrated 
modeling approaches to investigate the po- 
tential for active power control from wind 
power plants (86, 94, 95). 

The research necessary to support a future 
converter-dominated electric grid system ex- 
tends beyond individual wind power plant 
controls. For example, wind turbines offer a 
potential source of physical inertia, but the 
machines (as they exist today) and solar power 
are typically interconnected to the grid through 
power electronic converters, which use soft- 
ware and controls to confer attributes akin to 
traditional power plants. Wind power plants 
of the future equipped with the appropriate 
power electronics could provide physical in- 
ertia or “synthetic inertia,” with the latter 
enabling wind turbines to function as virtual 
synchronous generators (12, 96, 97). Studies 
that have considered up to 25% contributions 
of renewables to the grid need to be further 
refined for shares that reach beyond 50% or 
even 80% (98-101). 
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New sensors and data management tech- 
niques will also be needed to obtain and 
transmit real-time data on the status of the 
future grid, which will be governed more on 
information than physical inertia. Data sources 
will comprise a combination of measurements 
and simulations. Opportunities are ripe for 
advanced stochastic system analysis and data 
science that can extract meaning and direc- 
tion from a combination of regional weather 
status and forecasts, millions of signals de- 
scribing individual turbine and plant states, 
and real-time updates from throughout the 
grid. In addition, the substantial sources of 
uncertainty in various aspects of the sys- 
tem operation (from the weather-driven ef- 
fects on renewable energy availability and 
electricity demand to availability of storage 
and a host of other phenomena) make this 
an extremely large stochastic and dynam- 
ic optimization problem that will require 
greater involvement by the applied mathe- 
matics and computational science commun- 
ities (98, 101, 102). 


A role for integrative wind energy science 


These wind research grand challenges build 
on each other. Characterizing the wind power 
plant operating zone in the atmosphere will 
be essential to making progress in designing 
the next generation of even larger low-cost 
wind turbines, whereas understanding both 
dynamic control of the machines and forecasting 
the nature of the atmospheric inflow will en- 
able the control of the plant necessary for grid 
support. Wind energy science also involves 
the coupling of physics across an increasingly 
large range of spatial and temporal scales in 
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the atmosphere, enormous flexible aeroelastic 
and mechanical systems, and electrical inte- 
gration with and support for a continent-sized 
grid system. 

Although advances in individual scientific 
disciplines will continue to be tremendously 
important, recognition of the value in under- 
standing the cross-disciplinary considerations 
and drivers of the technology is also paramount. 
In a similar way to how the aerospace discipline 
has driven profound achievements in materials, 
manufacturing, aerodynamics, structures, and 
controls while innovating the broader systems 
of aircraft and spacecraft, the emerging disci- 
pline of wind energy science seeks to leverage 
deep disciplinary expertise with a systems 
knowledge that addresses complex and mul- 
tifaceted challenges. 

Successful examples of integrated wind en- 
ergy research are already in place at several 
universities and research organizations where 
nationally and internationally funded projects 
are interdisciplinary by design and aimed at 
tackling some of the challenges described in 
the preceding sections. These institutions have 
begun to train the next generation of scientists 
and engineers in departments devoted specif- 
ically to wind energy. The European Wind 
Energy Academy, a collaboration of more 
than 40 European universities with major 
activities in wind energy research and educa- 
tion, is another example of an effort to orga- 
nize a scientific discipline around wind energy. 
Future growth of wind energy to serve global 
clean energy needs is expected to demand 
more dedicated wind energy research, cutting 
across the traditional disciplines. A move 
to embrace this shift toward studying wind 
energy science as its own discipline can be 
achieved by drawing in researchers from a 
range of different fields, as shown in Fig. 6. 

In addition to the wide-ranging science, en- 
gineering, and mathematics needs for inte- 
grated wind energy research, methods for 
handling and streamlining exchange of vast 
quantities of information across many disci- 
plines (both experimental and computational) 
will be crucial to enabling successful integrated 
research (33, 96, 101, 103, 104). Research in 
fields related to computational and data sci- 
ence will further support the wind scientific 
community as it seeks to integrate models 
and data across different scales and disciplines 
(105, 106). 

This interdisciplinary wind energy science 
and engineering approach offers the potential 
to develop solutions that not only advance the 
state-of-the-art in turbine subsystems but also 
create the integrated solutions necessary for 
advancing the entire system—from the turbine 
to the plant to the overall electrical grid. These 
gains are most likely to be successful when ac- 
tivities in a respective area are informed by a 
comprehensive view of the realities of the larger 
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context. The long-term research challenges are 
ripe for immediate action, and progress will 
depend on a generation of scientists educated 
deeply in their own specialty as well as in the 
breadth of wind energy science. 
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Vulnerability of the industrialized microbiota 


Justin L. Sonnenburg* and Erica D. Sonnenburg* 


BACKGROUND: The collection of trillions of 
microbes inhabiting the human gut, called 
the microbiome or microbiota, has captivated 
the biomedical research community for the 
past decade. Intimate connections exist be- 
tween the microbiota and the immune system, 
central nervous system, and metabolism. The 
growing realization of the fundamental role 
that the microbiota plays in human health has 
been accompanied by the challenge of trying 
to understand which features define a healthy 
gut community and how these may differ 
depending upon context. Such insight will 
lead to new routes of disease treatment and 
prevention and may illuminate how lifestyle- 
driven changes to the microbiota can impact 
health across populations. Individuals living 
traditional lifestyles around the world share 
a strikingly similar microbiota composition 
that is distinct from that found in industrial- 
ized populations. Indeed, lineages of gut mi- 
crobes have cospeciated with humans over 
millions of years, passing through hundreds 
of thousands of generations, and lend credence 
to the possibility that our microbial residents 
have shaped our biology throughout evolution. 


Relative to the “traditional” microbiota, the 
“industrial” microbiota appears to have lower 
microbial diversity, with major shifts in 
membership and functions. Individuals immi- 
grating from nonindustrialized to industrial- 
ized settings or living at different intermediate 
states between foraging and industrialization 
have microbiota composition alterations that 
correspond to time and severity of lifestyle 
change. Industrial advances including anti- 
biotics, processed food diets, and a highly 
sanitized environment have been shown to 
influence microbiota composition and trans- 
mission and were developed and widely im- 
plemented in the absence of understanding 
their effects on the microbiota. 


ADVANCES: Here, we argue that the microbiota 
harbored by individuals living in the industrial- 
ized world is of a configuration never before 
experienced by human populations. This “new,” 
industrial microbiota has been shaped by re- 
cent progress in medicine, food, and sanitation. 
As technology and medicine have limited our 
exposure to pathogenic microbes, enabled 
feeding large populations inexpensively, and 


Industrialization affects the human gut microbiota. Aspects of lifestyle, including those associated with 
industrialization, such as processed foods, infant formula, modern medicines, and sanitation, can change the gut 
microbiota. Major questions include whether microbiota changes associated with industrialization are important 
for human health, if they are reversible, and what steps should be taken to prevent further change while 
information is acquired to enable an informed cost-versus-benefit analysis. It is possible that a diet rich in whole 
foods and low in processed foods, along with increased exposure to nonpathogenic microbes, may be beneficial to 


industrial populations. 
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otherwise reduced acute medical incidents, 
many of these advances have been imple- 
mented in the absence of understanding the 
collateral damage inflicted on our resident 
microbes or the importance of these mi- 
crobes in our health. More connections are 
being drawn between the composition and 
function of the gut microbiota and altera- 
tion in the immune status of the host. These 
relationships connect the 
industrial microbiota to 
Read the full article me wary Cr chrenie aie 
at http://dx.doi. eases that are driven by 
org/10.1126/ inflammation. Notably, 
science.aaw9255 these diseases spread 
ae eee ieee along with the lifestyle 
factors that are known to alter the micro- 
biota. While researchers have been uncover- 
ing the basic tenets of how the microbiota 
influences human health, there has been a 
growing realization that as the industrial 
lifestyle spreads globally, changes to the hu- 
man microbiota may be central to the coin- 
cident spread of non-communicable, chronic 
diseases and may not be easily reversed. 


OUTLOOK: We suggest that viewing microbiota 
biodiversity with an emphasis on sustain- 
ability and conservation may be an impor- 
tant approach to safeguarding human health. 
Understanding the services provided by the 
microbiota to humans, analogous to how eco- 
system services are used to place value on 
aspects of macroecosystems, could aid in as- 
sessing the cost versus benefit of specific 
microbiota dysfunctions that are induced by 
different aspects of lifestyle. A key hurdle is 
to establish the impact of industrialization- 
induced changes to the microbiota on human 
health. The severity of this impact might de- 
pend on the specifics of numerous factors, in- 
cluding health status, diet, human genotype, 
and lifestyle. Isolating and archiving bacterial 
strains that are sensitive to industrialization 
may be required to enable detailed study of 
these organisms and to preserve ecosystem 
services that are unique to those strains and 
potentially beneficial to human health. Deter- 
mining a path forward for sustainable medical 
practices, diet, and sanitation that is mindful of 
the importance and fragility of the microbiota is 
needed if we are to maintain a sustainable re- 
lationship with our internal microbial world. 
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Vulnerability of the industrialized microbiota 


Justin L. Sonnenburg?2* and Erica D. Sonnenburg** 


The human body is an ecosystem that is home to a complex array of microbes known as the microbiome 
or microbiota. This ecosystem plays an important role in human health, but as a result of recent 
lifestyle changes occurring around the planet, whole populations are seeing a major shift in their gut 
microbiota. Measures meant to kill or limit exposure to pathogenic microbes, such as antibiotics 

and sanitation, combined with other factors such as processed food, have had unintended consequences 
for the human microbial ecosystem, including changes that may be difficult to reverse. Microbiota 
alteration and the accompanying loss of certain functional attributes might result in the microbial 
communities of people living in industrialized societies being suboptimal for human health. As 
macroecologists, conservationists, and climate scientists race to document, understand, predict, and 
delay global changes in our wider environment, microbiota scientists may benefit by using analogous 
approaches to study and protect our intimate microbial ecosystems. 


cosystems change. Seasonal or periodic 
fluctuations may occur over short time 
scales, trajectories of lasting change can 
occur over time, and sudden perturba- 
tions can result in instability or new sta- 
ble states. Ecosystems can also reach tipping 
points at which biodiversity crashes, invasive 
and opportunistic species take over, and the 
services expected of the original ecosystem 
are lost, which may result in further damage 
and/or extinctions. Each human is an eco- 
system composed of thousands of species and 
trillions of members, the host body of Homo 
sapiens being just one of those species. Most 
of these community members are microorgan- 
isms that reside in the gut, which is the focus 
of this article. Sequencing of the microbiota 
shows that human microbiomes are composed 
of a stunning array of species and functional 
diversity. An intricate set of interactions, just 
now being mapped, connects microbial species 
within a microbiota to one another and to hu- 
man biology and is beginning to show how pro- 
foundly these microbes influence our health. 
The first steps in human microbiota assem- 
bly occur upon birth, with microbes vying to 
colonize environment-exposed surfaces in and 
on the body. This process is influenced by many 
factors, including mode of birth, nutrition, 
environment, infection, and antibiotic expo- 
sure (1, 2). Specific taxa of microbes have co- 
diversified with Homo sapiens, consistent 
with vertical transmission over hundreds of 
thousands of generations (3). The millions of 
years of association have provided ample op- 
portunities for our biology and theirs to co- 
evolve (4). 
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Intimate connections between the micro- 
biota and the human immune system, nervous 
system, and metabolism have been revealed 
over the past decade (5-9). The specific mi- 
crobes that first colonize the infant gut and 
the ensuing succession of the community can 
irreversibly influence mucosal and systemic 
immune development (J0). Orchestrating the 
assembly of a health-promoting gut microbiota 
or manipulating a mature community to alter 
human physiology has vast therapeutic poten- 
tial, which has captured the attention of the 
biomedical community. Beyond the importance 
of the microbiota to human health, recent re- 
search has also demonstrated its vulnerabil- 
ity. This ecosystem is susceptible to change by 
selective forces (11, 12). For example, a single 
course of one type of antibiotic can decimate 
and reshape the gut microbiota (73). Exciting 
research is racing to identify disease treat- 
ments using microbiome manipulation, but 
less focus has been placed on how to protect 
the microbiota from damage that may be del- 
eterious to human health (4). 

The germ theory of disease, formalized in 
the 1860s by Louis Pasteur, portrayed microbes 
as an enemy to be controlled and eradicated. 
The subsequent “war” on microbes deploying 
hand washing, sterile surgical techniques, and 
antibiotics has saved countless lives. In 1900, 
pneumonia, tuberculosis, and infectious enter- 
itis were the three leading causes of mortality 
in the United States, accounting for almost 
one-third of all deaths (75). By the end of the 
millennium, these infectious disease killers 
were replaced by chronic diseases, including 
heart disease, cancer, and stroke, which offered 
evidence of our ability to effectively manage 
“germs.” However, the inverse relationship of 
infectious and chronic disease rates may share 
a similar underlying cause. Consistent with 
tenets of the hygiene hypothesis, limited expo- 
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sure to microbes may result in defects in im- 
mune function and/or regulation, leading to an 
increasing burden of allergic and autoimmune 
diseases. In light of our new knowledge about 
the role of the microbiota in health, the war on 
microbes likely needs to be reconsidered in 
less combative terms. The profound success of 
germ-killing techniques and drugs developed 
in the past century that have minimal acute 
side effects has led to overuse. The rise of 
superbugs that are resistant to antibiotics and 
chemical bactericides reveals that there is a 
cost to our war on microbes (16). However, the 
longer-term and less obvious costs to human 
health of disrupting the microbiota may come 
from chronic metabolic and immune diseases. 
Although intimate, the communities that live 
in our guts are hard to study, and at present we 
do not fully understand the health impact of 
the differences in the microbiota observed be- 
tween human populations. 

Microbiota composition, diversity, and gene 
content in industrialized peoples vary sub- 
stantially from that of more traditional rural 
populations and likely from that of our an- 
cient ancestors, indicating that aspects of our 
lifestyle are changing our resident microbes 
(4, 17-20). Antibiotics are not the only poten- 
tial contributor to this effect. Other recent 
changes in practice, including Caesarean sec- 
tion (C-section) delivery, infant formula, and 
consumption of industrially produced foods, 
have all been shown to influence the gut mi- 
crobiota of humans (21-23). Although these 
technological and medical advances have had 
undeniable benefits (especially for emergency 
health care), their implementation and wide- 
spread use have occurred without an understand- 
ing of their impact on our resident microbial 
communities. At one extreme, microbiota shifts 
coincident with industrialization may have no 
impact (or even a beneficial impact, for exam- 
ple, by removing or reducing microbes with 
pathogenic potential) on human health and 
longevity. At the other extreme, the microbiota 
alterations observed in industrialized popula- 
tions may be a major contributor to the mis- 
regulation of the human immune system that 
drives chronic inflammation (4, 24). Noncom- 
municable diseases (NCDs), such as stroke, 
heart disease, some cancers, chronic kidney 
disease, diabetes, and dementias, all of which 
are fueled by chronic inflammation, are as- 
sociated with the worldwide expansion of in- 
dustrialized lifestyles and are predicted to 
create a global health crisis in the coming 
century (25, 26). 

In many ways, the rapid changes expe- 
rienced by the microbiota of urban humans 
are analogous to those observed in macroeco- 
systems throughout the world (27). Over time 
and with tremendous efforts to generate and 
analyze data, a global scientific consensus has 
emerged that human-induced climate change 
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will have a devastating impact on Earth’s 
species and ecosystems if not curtailed and 
reversed (28, 29). Likewise, as we become in- 
creasingly cognizant of the importance of the 
microbiota in dictating the duration and ex- 
tent of our health, it is vital that we reframe 
our relationship with microbes and use strat- 
egies similar to the sustainability and bio- 
diversity conservation efforts under way around 
the globe. What steps should we take now to 
protect resident microbes, given the current 
data and range of possible outcomes? 


The gut: A rapidly changing ecosystem 


That the gut ecosystem would change in re- 
sponse to marked lifestyle alterations is not 
surprising. What is notable is that the micro- 
biota of traditional populations share taxa 
that have been lost or reduced in individuals 
living in the industrialized world, which we 
have termed “VANISH” (volatile and/or asso- 
ciated negatively with industrialized societies 
of humans) taxa (Fig. 1A) (30). A study com- 
paring the industrialized microbiota with that 
of three Nepalese populations living on a gra- 
dient from foraging to farming showed the 
shift in microbiota composition that takes place 
as populations depart from a foraging lifestyle 
(31). Intermediate states of lifestyle change 
toward urbanization are accompanied by less 
extreme but evident changes in the microbiota 
(Fig. 1, B and C). 

Similarly, a longitudinal study of individuals 
immigrating from a Thai refugee camp to the 
United States showed a loss of VANISH taxa 
within months of immigrating (32). The longer 
the immigrants lived in the United States, the 
more profound the changes. In addition to 
changes in microbial membership, functional 
differences in the microbiota correspond to 
lifestyle. Traditional populations such as the 
Hadza, a hunter-gatherer group living in 
Tanzania, like the immigrants from South- 
east Asia, harbor microbiota with a larger 
and more diverse collection of carbohydrate 
active enzymes (CAZymes) than their indus- 
trial counterparts. CAZymes digest complex 
plant polysaccharides, characteristic of tra- 
ditional dietary fiber intake (32, 33). By com- 
parison, the microbiota of U.S. residents are 
enriched in CAZymes that degrade host mucus, 
which serves as a backup food source for gut 
microbes when dietary fiber is limited, a hall- 
mark of the industrialized diet (33, 34). The 
selection of mucus-utilizing bacteria in indus- 
trialized populations is evident in the enrichment 
of Akkermansia muciniphila (a mucin-loving 
bacterium in the phylum Verrucomicrobia) 
that was found in a worldwide comparison of 
industrialized and nonindustrialized micro- 
biomes (Fig. 1A) (33). Whether the loss or re- 
duction of VANISH taxa cause or contribute 
to the growing burden of NCDs in humans re- 
mains to be determined. However, determin- 
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ing the potential importance of VANISH taxa 
to human biology will require efforts to main- 
tain their diversity before it is lost (35, 36). 


An ecosystem vulnerable to industrialization 


We must not forget how the attempted eradi- 
cation of pathogenic microbes with antibiotics, 
increased sanitation, and medicalized birth 
has saved countless lives. Other features of 
industrialized life, such as the Western diet 
and infant formula, have added convenience, 
increased human productivity and met the 
food demands of a growing population. The 
development and widespread implementa- 
tion of these technological advances occurred 
before there was an understanding of their 
effect on the microbiota and the significance 
of the microbiota to human health. One dif- 
ficulty in understanding the effects of different 
aspects of industrialization on the human gut 
microbiota is that so many lifestyle factors 
covary. Below, we summarize studies that have 
sought to disentangle facets of the industrial- 
ized lifestyle that change the microbiota. 

The development and use of antibiotics have 
accompanied human population growth, indus- 
trialization, and rapid technological advances. 
Antibiotics have become the prototypic factor 
associated with industrialization that negatively 
affects the gut microbiota. Antibiotic resistance 
and increased susceptibility to enteric patho- 
gens are well-known negative effects of antibi- 
otic use. Accumulating data also show that 
oral antibiotic use has long-term effects on the 
composition of the gut microbiota (37). Just 
5 days of ciprofloxacin was shown to decimate 
the gut microbial community, which only re- 
covered slowly over the ensuing weeks and 
months (73). Recoveries were individualized, 
were incomplete, and differed in their kinetics 
(73). Similarly, other studies have shown that 
antibiotics can have a long-term impact on the 
microbiota—perhaps we should not be sur- 
prised because most of these medicines were 
originally designed to have broad-spectrum 
effects (38). 

For most of human existence, humans con- 
sumed food and water laden with microbes, 
some of which caused disease. But humans 
also routinely consumed benign bacteria, both 
through incidental environmental exposure 
(e.g., from dirt or unsanitized food or on the 
skin) and from fermented foods (39). The re- 
cent shift to consuming largely sterile food 
and water has likely also influenced the mi- 
crobiota. For example, the source of drinking 
water was significantly associated with micro- 
biota composition in the cross-sectional study 
of Nepalese individuals living on a lifestyle 
gradient, as well as the Hadza (37). As indus- 
trial populations removed microbes from 
drinking water, the burden of diseases such 
as cholera and other waterborne illnesses 
decreased. Recent studies in mice suggest that 
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sanitization in the form of cage cleaning does 
exacerbate extinctions in the microbiota after 
perturbation (40). The industrialized human 
microbiota also bears the hallmarks of sanita- 
tion, showing greater interindividual differ- 
ences in microbiota composition (an indication 
of less microbe sharing between people) com- 
pared with traditional human populations in 
Papua, New Guinea, where individuals share 
more bacterial species with one another (20). 
Risking increased infectious diseases by re- 
ducing standards of sanitation would be mis- 
guided, but a better understanding of how 
hygienic practices shape our microbiota and 
the resulting impact on human health is 
needed. Restoring the consumption of non- 
disease-causing microbes may ameliorate dis- 
eases that are common among populations 
that consume sterile food and water (41). 

Antibiotics and sanitation are intended to 
limit exposure to pathogenic microbes, but 
other practices such as the Western diet and 
C-section births that are not targeted at mi- 
crobe control may nevertheless be having a 
profound effect on the microbiota. 

Diet is a major driver of the composition and 
metabolic output of the microbiota (42-44). 
Humans have shifted from a diet of exclusively 
wild animals and gathered foods to one of 
domesticated livestock and agricultural pro- 
duce (10,000 to 20,000 years ago) to a more 
recent shift to industrially produced foods, 
including chemically managed livestock and 
produce and sterilized, ultraprocessed foods 
containing preservatives and additives (45, 46). 
These shifts have resulted in a food supply 
capable of supporting a growing human pop- 
ulation, but perhaps at the cost of the popu- 
lation’s health (47). 

One notable change to foodstuffs is the 
unintentional depletion of a major form of 
sustenance for the microbiota: microbiota- 
accessible carbohydrates (MACs; the complex 
carbohydrates found in the dietary fiber of 
edible plants such as legumes, whole grains, 
vegetables, nuts, etc.) (42). A high-MAC diet 
was commonplace when humans exclusively 
foraged for nutrition, and low-MAC diets have 
been associated with lower microbiota diver- 
sity and poor markers of health in humans 
and in animal models (48-50). The paucity 
of MACs in the industrialized diet was com- 
pensated for by additional protein, simple 
carbohydrates, and fat, which had the effect 
of altering the composition and functional 
output of the microbiota (43, 57). The use of 
additives such as emulsifiers and non-nutritive 
sweeteners is pervasive in industrialized food. 
Both have been shown to alter microbiota com- 
position and promote intestinal inflammation. 
In addition, emulsifiers promote adiposity and 
non-nutritive sweeteners alter the metabolic 
output of the microbiota toward one that re- 
sembles that of type 2 diabetics (27, 52). 
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Fig. 1. The gut microbiota mirrors lifestyle 
across traditional and industrial populations. 
(A) Aggregation of gut microbiota composition 
from multiple studies separated by principal 
component analysis of Bray—Curtis dissimilarity of 
6S rRNA enumerations [adapted from Smits et al. 
(33)]. Top panel: The first principal component 
explains 22% of the variation in the data from 

8 populations living lifestyles spanning from 
uncontacted Amerindians in Venezuela (top) to fully 
industrialized populations in Australia, the United 
States, Canada, and Ireland (bottom). Bottom 
panel: Mapping the relative abundance of bacterial 
families on PCol reveals global patterns in the 
VANISH taxa, which are associated negatively with 
industrialized societies, and BloSSUM taxa 

(bloom or selected in societies of urbanization/ 
modernization), such as the Bacteroidaceae and 
Verrucomicrobia. (B) Heat map adapted from 

Jha et al. (31) displaying taxa that change across 
ifestyles in one geographic location (Nepal) of 
individuals living as foragers (Chepang), settled 
foragers (Raute, Raji), or agriculturalists (Tharu) 
versus industrialized individuals in the United 
States. (€) Model adapted from Jha et al. (31) of 
strain loss and/or reduction versus gain and/or 
increase across a lifestyle gradient. Different 
patterns of changing abundance correspond with 
specific aspects of lifestyle that change as 
populations move away from foraging and toward 
urbanization. The model could also reflect the 
historical progression of industrialized humans from 
foraging (Homo sapiens arose ~200,000 to 
300,000 years ago) to agriculture (starting 
10,000 to 20,000 years ago) to industrialization 
(starting 100 to 200 years ago). 


Small changes to the microbiota have the 
capacity to amplify over generations. For ex- 
ample, mice fed a low-MAC diet showed re- 
duced microbiota diversity that compounded 
over generations. Restoration of a high-MAC 
diet was not sufficient to regain microbiota 
diversity, which indicated that species within 
the microbiota had gone extinct during the 
four-generation length of the experiment 
(50). In another study, antibiotic treatment 
of pregnant mice altered the microbiota of 
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the offspring and resulted in metabolic de- 
rangement that predisposed the pups to 
diet-induced obesity (53). Similarly, C-section 
delivery in humans results in colonization of 
the infant with microbes derived from skin 
instead of the mother’s vaginal microbiota 
(54). Acute perturbations from diet, anti- 
biotics, and medical practices could have been 
propagated over generations and synergized 
with heightened hygiene and sanitation to 
result in the population-wide ecosystem re- 
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configurations observed today. The effects of 
other factors associated with an industrial- 
ized lifestyle on the microbiota, including in- 
creased sedentary behavior, stress, exposure to 
new chemicals (e.g., plastics, herbicides, and 
pesticides), and social isolation, have only 
begun to be explored (55-57). 


Microbiota change: Good, bad, or neither? 


It is not a given that the microbiota found in 
traditional populations, which likely shares 
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more commonality with that of our ancient 
ancestors, would improve the health of a per- 
son living in an industrialized society (4). For 
example, several members of a traditional gut 
microbiota, such as parasites, are frank path- 
ogens. Some functions of a traditional micro- 
biota may have beneficial effects in the context 
of a traditional lifestyle but may not in a more 
urbanized context. We have simplified these 
points and recognize that some parasites may 
confer “benefits” to human health, but how 
benefit is defined may depend on context and 
the individual. For example, parasites that pro- 
tect against intestinal inflammatory diseases 
may cause opportunistic infections in immu- 
nocompromised individuals (58). 

While remaining agnostic about broad con- 
nections between change in the microbiota 
and human health, it is worth considering 
underlying evolutionary principles that might 
predict whether microbiota changes are likely 
to be beneficial, deleterious, or neutral. A very 
conservative view is that until we have a good 
understanding of which microbes or commu- 
nities are beneficial or deleterious, includ- 
ing how context determines this answer, we 
should recognize that (i) our resident mi- 
crobes have the potential to affect our health 
in profound ways and (ii) individual lifestyle 
and/or medical choices and population-level 
lifestyle, medical, and dietary choices can 
change these communities. Similar to early, 
albeit insufficient, steps to address climate 
change before the full scope of the problem 
was understood, such as developing renewable 
alternatives to fossil fuels, a hedge against 
potential catastrophe seems warranted. In the 
case of our gut microbes, acting to minimize 
unintended loss of biodiversity is likely a wise 
strategy until we know more. We discuss pos- 
sible strategies below. 

An important question is whether loss or 
reduction of resident, codiversified microbes 
and associated functions could have a nega- 
tive health impact on humans. Some proper- 
ties of the human microbiota appear to have 
been stable during much of human evolution 
before industrialization. It is expected that 
the combined biology and genome of the hu- 
man body and its commensal microorganisms 
would have coevolved to maximize human 
reproductive success (fitness) during that time 
(59). Because industrialized humans are in- 
terested in a long, healthy life, it is worth ask- 
ing whether long life is consistent with the 
reproductive success of early humans. The re- 
productive success of modern hunter-gatherers 
corresponds to being long lived (as demon- 
strated by evidence supporting the patriarch 
hypothesis); therefore, the components of 
the microbiome that lived within humans 
throughout most of our existence as a species 
likely promote biology consistent with a long, 
healthy life (60). 
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From the microbial point of view, a bacterial 
species is chiefly concerned with making more 
of itself. Therefore, it is worth considering 
whether it is possible for members of the mi- 
crobiota that increase host health and lon- 
gevity to arise. In other words, the question is not 
only whether the interests of host and micro- 
biota are aligned (i.e., to promote a long, healthy 
life of the host), but whether microbes that pro- 
mote the health and longevity of their hosts 
are retained and favored over evolutionary time. 

Gut-resident microbes that improve host 
health and life span are most likely to arise 
when the health-promoting function does not 
incur a short-term fitness cost to themselves 
(61, 62). For example, imagine a microbial 
pathway that not only generates energy for 
the microbe by fermenting a dietary complex 
carbohydrate but also produces a fermenta- 
tion end product that can be absorbed by the 
host and play beneficial metabolic and/or 
regulatory roles. These microbes would con- 
tribute to host health without incurring a 
fitness cost and could be selected over time 
as a result of host fitness, longevity, and trans- 
mission to offspring and other individuals. 
We might expect that loss of these coevolved 
microbes and associated functions would have 
a negative health impact. 

The industrialized microbiota could be con- 
sidered better adapted to an industrialized 
host lifestyle by harboring more resistance to 
antibiotics and being less proficient at dietary 
fiber degradation. However, such a microbiota 
may not be optimized for our health. 


Strategies to protect and, when appropriate, 
restore the microbiome 
Learning how to minimize harm to an eco- 
system is an easier prospect than rebuilding 
one that has deteriorated; however, the real- 
ization of an ecosystem’s importance often 
only becomes apparent after major change 
has taken place. In the case of the gut micro- 
biota, we may have to confront the daunting 
task of reconfiguring an ecosystem that we 
are just beginning to understand. Biodiverse 
ecosystems are characterized by complex net- 
works of interactions; delete or add one node 
and the cascade of changes through the network 
of interactions can be difficult to anticipate. 
Predicting ecosystem changes from species 
reintroduction, such as wolves into Yellowstone 
National Park, is a challenge long faced by 
conservation biologists (63, 64) (Fig. 2A). 
Fecal microbiota transplantation (FMT) is 
an example of how ecosystem remodeling 
through multispecies rewilding can be applied 
to the gut microbiota. In this procedure, all 
of the bacterial species of a healthy human 
donor’s stool microbiota are introduced into 
a diseased recipient in an attempt to recon- 
figure a maladaptive ecosystem (Fig. 2B) (65). 
FMT has been highly effective in treating 
Clostridium difficile infection (CDI) refrac- 
tory to conventional antibiotic-based treatment 
(66). Although this procedure cures CDI, the 
addition of hundreds of microbial species into 
an equally complex, although disrupted, eco- 
system results in an unpredictable community 
that is composed of strains from the donor, 


Fig. 2. Interaction networks in Yellowstone 
and the gut microbiota. (A) Gray wolves were 
introduced into Yellowstone National Park in 
1995 to control the swelling elk population 
(105). The rewilding of Yellowstone set off a 
trophic cascade that resulted in a decreasing 
elk population (thereby promoting new growth 
in aspens), an increase in berries available to 
bears, and stream morphology changes caused 
by increased woody plants (64). This provides 
an example of how wildlife management 

can be used to restore a more diverse and 
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perhaps functional ecosystem, as well as how 


reintroduction of species into a habitat can lead 
to unanticipated changes to that ecosystem. 
(B) Rewilding of a C. difficile-infected 
microbiota by FMT results in largely predictable 
outcomes in host health, but the specifics of 
the resulting microbiota composition are 
difficult to predict. (C) Long-term strategies for 
managing the microbiota include precision 
approaches of adding defined cocktails of 
microbes, engineered bacterial species, and 
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example, increasing dietary MACs encourages commensal growth and provides fermentation end products 


such as butyrate to the epithelium, which can help 


keep oxygen tensions lower in the gut and prevent 


the growth of facultative anaerobes with pathogenic potential (106). 
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recipient, and other sources (67, 68). CDI repre- 
sents an extreme case of ecosystem disruption; 
therefore, the lack of precision in dictating the 
resulting community after ecosystem rewilding 
is clinically tolerable, as almost any resulting 
microbiota configuration lacking or minimiz- 
ing C. difficile is preferred. However, FMTs are 
not an ideal long-term solution for the treat- 
ment of many diseases. In many cases, they 
are simply ineffective, and in others, the un- 
intended consequences may include trans- 
mission of antibiotic-resistant microbes or 
other infectious agents and the transference 
of unwanted phenotypes from the donor (69). 
Gut microbiota rewilding through FMT has 
currently only been consistently successful for 
C. difficile cases. Similar to cases of animal 
reintroduction in macroecosystems, success as 
defined by the ability of these reintroduced 
species to thrive has been mixed (70). 

Targeted rewilding through discrete changes 
in habitat quality or the introduction of specific 
species chosen based on known interactions 
may be a more predictable and successful ap- 
proach to ecosystem management in a dis- 
rupted gut microbiota. Habitat quality is a 
key element of success in macroecosystem 
restoration and is also an important consid- 
eration in the gut (77). Ecosystems are made 
up of interacting species and their physico- 
chemical environment. Factors that influence 
the suitability of the gut habitat, including tem- 
perature, pH, osmolality, redox status, water 
activity, and chemical and nutrient availabil- 
ity, will likely affect the success of microbiota 
reconfiguration efforts. Mice chronically in- 
fected with C. difficile can be effectively treated 
using a diet containing MACs. This simple 
change to habitat quality enabled the recovery 
of a robust indigenous community and re- 
established important functions such as short- 
chain fatty acid (SCFA) production (72). Diet 
can also create a niche for a newly introduced 
microbial strain to colonize. For instance, feed- 
ing mice the seaweed polysaccharide porphyran 
allowed engraftment of a porphyran-utilizing 
Bacteroides strain (73). This example of en- 
grafting a new species into a microbiota may 
provide a strategy that can be extended to help 
targeted rewilding (Fig. 2C). 

An additional challenge to managing eco- 
systems is identifying the features within an 
ecosystem that are “beneficial” and thus worthy 
of conservation. One strategy used by ecologists 
is to assess the “services” provided by an eco- 
system. Ecosystem services, popularized in the 
Millennium Ecosystem Assessment, enable 
value to be placed on different components 
of an ecosystem (74). For example, if a lake 
provides fresh drinking water and recreation 
(swimming, fishing), then pollution of that 
lake would put those services in jeopardy. 
Likewise, we can consider the ecosystem ser- 
vices supplied by the gut microbiota (75) (Fig. 3). 
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However, determining whether a microbiota 
ecosystem service is beneficial is difficult 
enough in itself, and establishing whether this 
benefit is universal or specific to a subpopu- 
lation of people or even only one individual, 
a developmental period of life, or during dis- 
ease or reproduction adds complexity. For 
example, extraction of calories was an impor- 
tant microbiota ecosystem service rendered in 
the preindustrialized world, but when eating 
modern, calorie-dense foods, this service be- 
comes less important. 

Studying microbiota configurations in dif- 
ferent contexts may reveal associations that 
are positive for human health. For example, 
work on the gut microbiota in individuals 
undergoing immunotherapy to treat cancer 
has shown associations between specific mi- 
crobiota components and improved outcomes 
(76). Although many specifics remain to be 
determined, these findings are consistent with 
the ability of different microbiotas and their 
services, such as SCFA production, to alter host 
immune status and function. Unfortunately, 
such observational work is usually conducted 
on people living in industrialized countries 
and therefore is limited in the microbiota con- 
figurations and features that are queried. 


Fig. 3. Ecosystem services of the gut A 
microbiota. Identifying the benefits provided 
by the gut microbiome to human health 

is one way to determine when the ecosystem 
is functioning well. (A) List of benefits 
provided by the gut microbiota. This list 

is not intended to be comprehensive, 

and the categorization is only one of many 
possibilities, but it is presented as a 
potentially useful framework for conceptual- 
izing how to value specific features of 
microbiota. (B) Current data suggest that, 
along with the shift in the composition of the 
industrialized microbiota, certain services 
may be lost or out of balance, resulting in 
suboptimal states of host physiology or 
disease. A more nuanced understanding of 
which services are beneficial and in what 
context will be enabled by longitudinal 
high-dimensional profiling of microbiome 
and host biology combined with long-term 
monitoring of health in humans. 
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If humans have developed a dependence 
upon microbiota services that have been lost 
during industrialization, then might reintro- 
duction of these services be analogous to com- 
plementing a lost portion of human biology 
and provide broad benefit? Even if this is not 
the case, given the recent success of prophy- 
lactic antibiotics in low- and middle-income 
countries in improving health and reducing 
mortality in children, rewilding the micro- 
biota after treatment using defined key strains 
may become a standard treatment to aid in 
ecosystem recovery (77). Should this be the 
case, then considerations of how to make re- 
introductions self-sustaining, especially in 
the face of spreading industrialization, will 
be important. 


Toward a more sustainable relationship with 
our microbiota 


The goals of a managed microbiota should 
be to optimize ecosystem services to prevent 
disease and improve health and longevity. Op- 
timization requires precise, targeted approaches 
that consider an individual’s genotype, micro- 
biome, or subcategory of disease. Given the 
large global health impact, strategies to pro- 
tect the microbiome in all populations should 
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Box. Sustainable ecosystem management approaches. 


As we continue to learn of the multitude of benefits afforded by our microbial symbionts, developing 
alternative strategies to manage microbial ecosystems will enable us to promote short- and long-term 
public health priorities simultaneously (87). Listed here are a few examples of successes in using 
beneficial microbes to manage microbial ecosystems. 


Wound healing 


Sterility in skin-injury repair has been viewed as an important factor in effective wound healing. 
However, maintaining a sterile wound-healing environment is a difficult prospect considering the 
exposure of most wounds to the environment (88). Recent evidence suggests that populating 
wounds with commensal microbes can reduce infections after surgery and minimize the need for 
antibiotic treatment (89). Similar strategies are also being tested in treating skin conditions 
including atopic dermatitis (clinical trial NCT03018275) and acute wounds (90). 


Probiotics in hospital cleaning 


Health care-associated infections are pervasive in both high- and low-income countries and are a 
leading cause of death in the United States (91). Germicidal treatments of hospital surfaces are not 
completely effective, leaving behind dangerous pathogens, some of which can inhabit surfaces for 
months and also lead to increasing antibiotic resistance. The use of probiotic-containing cleaners can 
be an effective, alternative method to decontaminate hospital surfaces that does not select for 
antibiotic-resistant strains (92). 


Food safety 


Concerns over increasing antibiotic resistance, consumption of antibiotic-laden meat, and antibiotic-induced 
reduction of natural resistance to pathogens have led to the exploration of alternatives to antibiotics in 
livestock. Probiotic use in chickens has resulted in better growth rates, reductions in pathogen load and 
antibiotic resistance genes, and improved egg quality (93, 94). Probiotics have also been used to prevent 
infections and improve milk production in dairy cows and to aid growth in beef cattle (95). Use of probiotics 
is also beneficial in aquaculture, improving water quality, resistance to pathogens, and growth (96). 


Fighting infections in humans 


There is growing evidence that the use of beneficial bacteria is a promising path forward for managing 
pathogenic microbes in humans (97). Probiotics can reduce the duration and severity of infectious diarrhea 
and may be an effective alternative to antibiotics in the treatment and prevention of bacterial vaginosis 
(98, 99). A synbiotic mixture of Lactobacillus plantarum and fructo-oligosaccharides reduced the incidence 
of sepsis and lowered rates of respiratory tract infection in a cohort of infants from rural India (100). The 
use of bacteriophage to control pathogens, especially those that are resistant to multiple antibiotics, is 
another emerging alternative with recent success (101). 


Priming an ecosystem to fight cancer 


Antibiotics are commonly used in cancer treatment to minimize the risk of infection in a patient population 
with a disrupted immune system. However, in animal models, antibiotic treatment can alter the microbiota 
in ways that reduce treatment efficacy (102, 103). In fact, specific manipulation of the microbiota improved 
immunotherapy-based tumor control in a mouse model of melanoma (102, 103). Optimization of the 
microbiota to optimize immune status, whether augmenting immunotherapy or enabling bone marrow 
transplantation, will likely be integral to the future treatment of diseases such as cancer. 


C-section delivery 


Given newly acquired data about the importance of early microbiota assembly in the health of the infant, a 
rethinking of medicalized birth is warranted. A recent pilot study showed that infants delivered by C-section 
who were seeded with their mother’s vaginal microbes developed microbiota more closely resembling those 
of vaginally delivered infants (104). Future studies are required to determine whether vaginal seeding after 
C-section delivery provides any lifelong health benefit to the infant. 


be considered to maximize the palette of mi- 
crobial and molecular tools available. Efforts 
are under way to archive the microbial diver- 
sity found in the gut of humans around the 
globe (35, 36). Whether these efforts will result 
in new therapeutics remains to be seen, but at 
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the very least they provide a time capsule of 
microbial diversity in a rapidly industrializing 
world. Industrialization of the microbiome, 
and its accompanying loss or reduction of 
certain species, can occur on a time scale of 
months within an individual, creating some 
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urgency for the banking of vulnerable species 
(78). An additional challenge is navigating the 
changing restrictions on the distribution of 
bacterial strains for research and therapeutic 
development while protecting the rights and 
recognizing the contribution of the people 
from which they came (79, 80). 

Reshaping ingrained aspects of industrial- 
ized societies to moderate practices that have 
negative impacts on the microbiota will be a 
challenge but will be more practical than re- 
version to preindustrial practices (see Box: Sus- 
tainable ecosystem management approaches). 
Antibiotic use will remain an important aspect 
of industrial life; however, regulation in clini- 
cal and agricultural settings is needed to main- 
tain efficacy and to protect the microbiome. 
Similarly, rationally engineered microbial 
“cocktails” or fermented foods could offer safe 
microbe exposure to compensate for saniti- 
zation. Government subsidies similar to those 
provided for certain crops could be justified to 
make MAC-rich and fermented foods cheaper 
and more widely available. Until food policy 
reflects the findings of biomedical research, 
short-term solutions, such as supplementing 
processed foods with MACs or probiotic bac- 
teria, could provide a gradual progression 
toward health-optimizing food systems in 
industrialized countries. 

Expanding cohort and interventional studies 
in humans from a wide representation of 
humans while simultaneously document- 
ing microbiome and health changes is key 
for healthy, sustainable microbiota. Numerous 
associations have been made between the 
microbiota and human disease, but additional 
microbiome datasets from longitudinal, pro- 
spective observational and interventional 
studies of humans will provide insight into 
causal relationships. High-resolution mea- 
surements of host biology, including “omics” 
approaches and high-dimensional immune 
profiling, will be important to elucidate the 
specific lifestyle practices that lead to the most 
meaningful microbiome changes for human 
health (44, 87, 82). Animal models informed by 
human-derived data can be used to perform 
controlled studies with the goal of developing 
strategies to rebuild and maintain a healthy 
microbiota (83). 


A connection with the greater ecosystem 


Some of the specific forces that are bad for 
Earth appear also to harm our microbiota. For 
example, animal meat production removes for- 
est habitat for pasture and results in increased 
methane production. Excessive meat consump- 
tion has been coupled to trimethylamine-N- 
oxide (TMAO) production by the microbiota, 
and TMAO is a risk factor for cardiovascular 
events (84). It may be wise to approach cli- 
mate and health and microbiota sustainability 
simultaneously to identify solutions that align 
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Earth and human health (i-e., One World, One 
Health) (85). Given that environmentally sus- 
tainable agricultural practices are compatible 
with producing food generally recognized to 
promote health, solutions for the planet and 
human health may be compatible (86). As 
Earth’s microbes adapt to our changing envi- 
ronment, we can expect our body’s ecosystem 
to reflect our external environment in ways 
that are difficult to anticipate. Determining 
microbial or molecular equivalents of rewild- 
ing will require a much better understanding 
of community dynamics and host-microbiota 
interactions than we presently have. Con- 
tinually monitoring and managing a healthy 
internal ecosystem may be an effective strat- 
egy to combat and prevent the litany of chron- 
ic diseases that are currently spreading with 
industrialization. 
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INTRODUCTION: The microbiota promotes the 
maturation and homeostasis of the immune 
system, in part through the release of micro- 
bial products. Early-life microbial coloniza- 
tion has been shown to play a fundamental 
role in the development of the immune sys- 
tem and imparts long-lasting effects on host 
fitness. However, despite the importance of 
this early host-microbiota dialogue, little is 
known about the microbial-derived signals 
and antigens involved. This question is of 
particular importance for mucosal-associated 
invariant T (MAIT) cells, which are pre- 
dominantly located in tissues colonized by 
the microbiota and characterized by their 
recognition of microbial-derived intermedi- 
ates of vitamin B2 (riboflavin) synthesis. Be- 
cause riboflavin synthesis is broadly conserved 
among bacteria and fungi, MAIT cells are 


Early-life microbial exposure 
imprints the abundance of 
MAIT cells, and subsequent 


Early life 


thought to be particularly dependent on the 
microbiota. 


RATIONALE: Although MAIT cells are the 
predominant innate-like lymphocyte subset 
in humans, there is remarkable variability in 
their abundance between individuals. How 
commensal-derived antigens contribute to the 
variability in MAIT cell abundance and their 
function has not been established. Further- 
more, the extent to which MAIT cells promote 
tissue physiology remains to be determined. 


RESULTS: MAIT cells were highly abundant 
within human and mouse skin. However, gen- 
etically identical mice housed in distinct cages 
showed striking variability in the proportion 
of MAIT cells. By contrast, animals in the same 
cage had similar frequencies of MAIT cells, 


Adult 


Barrier tissues —Thymus— ~—— Skin and other tissues——_, 


interactions with the microbiota No B2 synth. 
modulate their function. ~ 
(Top) A lack of microbial exposure y 
in early life, results in an absence 7 
of MAIT cells in adults. (Middle) 

Early colonization with a low abun- “tse oannaninnnonmninenennnninininenennnnsnannncninennnnn 
dance of vitamin B2-synthesizing Few B2 synth. 

(synth.) commensals induces ft aa 
minimal MAIT cell development, ee 
whereas (Bottom) a high abun- 

dance of these microbes imprints a 

high frequency of tissue-resident 


AIT cells in adults. MAIT cells are 
selected on double-positive (DP) 
thymocytes and require IL-23 for 
their development and/or accu- 
mulation. Subsequent recognition 
of commensals requires MR1- 
mediated presentation of riboflavin 
derivatives and IL-18. Microbial 
stimulation of MAIT cells prompts 
IL-1-dependent IL-17A production 
and reinforces a tissue repair 
program inherent to MAIT cells. 
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supporting the hypothesis that these differ- 
ences were associated with distinct microbiota. 
MAIT cells accumulated in barrier tissues be- 
tween 2 and 3 weeks of age, bolstering the idea 
that MAIT cells develop during a very specific 
temporal window and in response to defined 
microbial exposure. The isolation of early-life 
intestinal commensals and subsequent col- 
onization of neonatal germ-free mice with 

defined bacteria induced 
MAIT cell development. 
Read the full article Conversely, colonization 
at http://dx.doi. later in life failed to pro- 
org/10.1126/ mote their development 
science.aax6624 within tissues, indicat- 
ing that microbial expo- 
sure must occur during an early-life window, 
imprinting MAIT cell abundance for life. Com- 
mensals that induced MAIT cell development 
were capable of synthesizing riboflavin, dem- 
onstrating antigen necessity, whereas the 
development of MAIT cells after treatment 
with a riboflavin derivative indicated suffi- 
ciency. After their development in response 
to early-life commensals, MAIT cells repre- 
sented a dominant type-17 effector subset in 
the skin, and cutaneous MAIT cells distinctly 
expressed a transcriptional program associ- 
ated with tissue repair. Cutaneous MAIT cells 
were tissue-resident and required the cytokine 
interleukin-23 (IL-23) for their homeostasis. 
These lymphocytes were capable of respond- 
ing locally to skin commensals in a manner 
that required IL-1 and IL-18 as well as antigen 
presentation mediated by the major histo- 
compatibility complex molecule MR1. MR1- 
mediated presentation of riboflavin metabolites 
was necessary and sufficient for MAIT cell re- 
cognition of skin commensals and further 
enhanced the tissue-repair program of these 
lymphocytes. Within the skin, MAIT cells were 
distinctly localized at the interface of the dermis 
and epidermis, in close proximity to the basal 
layer. Topical application of a riboflavin deri- 
vative selectively increased MAIT cells in the 
skin and was sufficient to promote cutaneous 
wound healing, demonstrating that MAIT cells 
contribute to skin physiology. 


CONCLUSION: Our work demonstrates how 
early microbial encounters have long-term 
effects on the composition of the immune 
system. We show that MAIT cells are induced 
during a specific early-life window in response 
to riboflavin-synthesizing commensals. This 
phenomenon permanently imprints the abun- 
dance of this subset in tissues, controlling tis- 
sue repair and homeostasis. 
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How early-life colonization and subsequent exposure to the microbiota affect long-term 
tissue immunity remains poorly understood. Here, we show that the development of 
mucosal-associated invariant T (MAIT) cells relies on a specific temporal window, after 

which MAIT cell development is permanently impaired. This imprinting depends on early-life 
exposure to defined microbes that synthesize riboflavin-derived antigens. In adults, cutaneous 
MAIT cells are a dominant population of interleukin-17A (IL-17A)-producing lymphocytes, 
which display a distinct transcriptional signature and can subsequently respond to skin 
commensals in an IL-1-, IL-18-, and antigen-dependent manner. Consequently, local activation 
of cutaneous MAIT cells promotes wound healing. Together, our work uncovers a privileged 
interaction between defined members of the microbiota and MAIT cells, which sequentially 
controls both tissue-imprinting and subsequent responses to injury. 


very barrier site harbors a distinct com- 
munity of commensal microbes, known 
as the microbiota, that controls host phy- 
siology (1). These microbes promote the 
maturation and homeostasis of the im- 
mune system, in part through the release of 
microbial products, including metabolites such 
as short-chain fatty acids, aryl hydrocarbon 
receptor (AhR) ligands, and polyamines (2). 
In turn, the immune system modulates the 
composition of the microbiota and maintains 
the segregation of commensals by sustaining 
barrier tissue function (J). 
Early-life microbial colonization has been 
shown to play a fundamental role in the dev- 
elopment of the immune system and imparts 
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long-lasting effects on host fitness. For exam- 
ple, neonatal colonization of the lungs promotes 
tolerance to allergens in adult mice through 
the induction of regulatory T cells (Treg cells) 
(3), whereas colonization of neonatal skin sim- 
ilarly induces T,,g cell-mediated tolerance to 
commensal microbes (4). During weaning, the 
microbiota induces a transient up-regulation 
of phosphorylated signal transducer and acti- 
vator of transcription 3 (STAT3) in epithelial 
cells and innate lymphoid cells (ILCs) (5), as 
well as an increase in colonic Tyeg cells (6), 
which can affect host metabolism and suscep- 
tibility to inflammatory disorders. High micro- 
bial diversity within the intestine during early 
life is necessary to impede immunoglobulin 
E (IgE) class switching of mucosal B cells, 
reducing susceptibility to orally induced ana- 
phylaxis (7). Furthermore, early colonization 
with the intestinal commensal Bacteroides 
fragilis inhibits the proliferation of natural 
killer T (NKT) cells, which prevents oxazolone- 
induced colitis in adult mice (8, 9). However, 
despite the importance of this early host- 
microbiota dialogue, little is known about the 
microbially derived signals and antigens in- 
volved. This question is of particular impor- 
tance for unconventional T cells, which are 
predominantly located in tissues colonized by 
the microbiota and characterized by their re- 
cognition of conserved antigenic motifs. 
Exhibiting characteristics of both innate and 
adaptive immunity, innate-like lymphocytes 
such as mucosal-associated invariant T (MAIT) 
cells, NKT cells, and yé T cells acquire their 
effector functions during development, which 


25 October 2019 


direct their localization to tissues and enable 
them to respond immediately upon primary 
antigen recognition (70). Consequently, within 
barrier sites, innate-like lymphocytes are likely 
poised to respond to the microbiota and play a 
dominant role in mediating host-commensal 
interactions. Both yé6 T cells and CD8* T cells 
restricted by the nonclassical major histocom- 
patibility complex (MHC)-Ib molecule H2-M3 
respond to skin commensals (1, 12), whereas 
y6 T cells can mediate both beneficial and de- 
leterious effects of the microbiota in the in- 
testines and lungs (13, 14). MAIT cells express 
semi-invariant af T cell receptors that recog- 
nize microbial-derived intermediates of vita- 
min B2 (riboflavin) synthesis presented by the 
MHC-Ib molecule MRI (15). Because riboflavin 
synthesis is broadly conserved among bacteria 
and fungi (J6), MAIT cells are thought to be 
particularly dependent on the microbiota. Germ- 
free (GF) mice exhibit fewer MAIT cells than 
do animals housed in specific-pathogen-free 
(SPF) conditions (17, 18). Although these cells 
are the predominant innate-like lymphocyte sub- 
set in humans, where they compose up to 45% 
of hepatic lymphocytes (19), surprisingly little 
is known about them. Although the function of 
MAIT cells remains largely unclear, in humans 
these cells can be altered in defined inflam- 
matory or infectious settings (20), and their 
frequencies show remarkable variability among 
individuals (2/7, 22). Although the paucity of 
MAIT cells in mice has rendered the explora- 
tion of their function challenging, MAIT cells 
have been proposed to promote inflammation 
and microbial defense (23-25). How commensal- 
derived antigens contribute to the abundance 
and function of MAIT cells has not been estab- 
lished. Furthermore, the extent to which MAIT 
cells promote tissue physiology remains to be 
determined. 

Here, we show that the development of 
MAIT cells and their long-term frequencies 
within tissues depend on a very specific de- 
velopmental window and, in particular, early- 
life exposure to defined microbial communities 
enriched in riboflavin-synthesizing bacteria, 
such as Enterobacteriaceae. This defined micro- 
bial exposure must occur during the first few 
weeks of life, after which MAIT cell develop- 
ment is permanently impaired. After their 
development, MAIT cells become a dominant, 
tissue-resident population of interleukin-17A 
(IL-17A)-producing lymphocytes within the 
skin and display a transcriptional profile that 
is distinct from MAIT cells in other tissues. 
Cutaneous MAIT cells can subsequently respond 
to defined skin commensals or commensal- 
derived metabolites in an antigen-dependent 
manner. Consequently, the local activation of 
cutaneous MAIT cells promotes wound heal- 
ing. This work therefore uncovers a privileged 
interaction between defined members of the mi- 
crobiota and MATIT cells, resulting in a sequential 
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dialogue that controls both tissue-imprinting 
and subsequent responses to injury. 


Early-life exposure to riboflavin-synthesizing 
commensals is required for MAIT cell 
development 


Although MAIT cells are abundant in human 
tissues (19), they are comparatively infrequent 
in mouse organs, where they typically repre- 
sent less than 1% of af T cells (26). Because 
the skin is characterized by an unusually high 
frequency of unconventional T cells (Fig. 1A), 
we assessed the frequency of MAIT cells at 
this barrier site using an MRI tetramer 
loaded with the riboflavin derivative 5-(2- 
oxopropylideneamino)-6-p-ribitylaminouracil 
(5-OP-RU) (27). Although nonspecific MRI1 te- 
tramer staining was minimal, as demonstra- 
ted by use of a MRI tetramer loaded with 
6-formylpterin (6-FP) (fig. S1A), we used 5- 
OP-RU-loaded MR1 tetramers conjugated to 
two different fluorochromes for increased 
specificity, when possible (fig. SIB). This analy- 
sis revealed that MAIT cells were highly en- 
riched in the skin (Fig. 1, B and C), where they 
composed up to 40% of af T cells (Fig. 1, D 
and E). The frequency of MAIT cells in the 
skin correlated highly with their frequency in 
other organs (fig. SIC). Furthermore, MAIT cells 
were also enriched in human skin compared 
with the reported ~1% in peripheral blood 
(20), averaging ~2% of CD3* lymphocytes (Fig. 
1F). Thus, MAIT cells represent a substantial 
population of skin lymphocytes, both in mice 
and humans. 

A comparison of mice housed in conven- 
tional SPF conditions to GF animals confirmed 
previous observations that the microbiota is 
necessary for the presence of MAIT cells in the 
thymus, spleen, and gut (77, 78) and extended 
this requirement for MAIT cells in the skin, 
lungs, and liver (Fig. 1B). Although MAIT cells 
were highly abundant within the skin, wild-type 
(WT) SPF mice housed in distinct cages showed 
striking variability in the proportion of MAIT 
cells among genetically identical animals, rang- 
ing from <5 to 40% of af T cells (Fig. 1, D and 
E). By contrast, animals in the same cage had 
similar frequencies of MAIT cells in the skin 
and other organs (Fig. 1E), supporting the 
hypothesis that these differences were asso- 
ciated with distinct microbiota. 

To establish how the microbiota could mod- 
ulate MAIT cell development and/or accu- 
mulation, we first assessed the kinetics of 
unconventional T cell accumulation within 
barrier tissues. Although y6 T cells and NKT 
cells were present in barrier tissues of 2-week- 
old mice, there was a dearth of MAIT cells in 
the skin, lungs, and intestines (Fig. 1G). MAIT 
cells accumulated in all barrier tissues asses- 
sed by 3 weeks of age, supporting the idea that 
MAIT cell development occurs during a very 
specific developmental window and in response 
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to defined microbial exposure. Therefore, we 
longitudinally assessed the intestinal micro- 
biota of WT mice during early life using 16S 
ribosomal RNA (rRNA) gene sequencing (Fig. 
1G). At 2 weeks of age, the intestinal microbiota 
was predominantly composed of Lactobacilla- 
ceae, with a transient enrichment of Entero- 
bacteriaceae (Fig. 1G), which is consistent with 
previous work that has identified an abun- 
dance of these two bacterial families in early 
life (28). Isolation of several bacterial strains 
from 2-week-old mice, which developed MAIT 
cells as adults (fig. S1, D and E), allowed us to 
generate an early-life microbial community 
composed of two Lactobacillaceae members 
(Lactobacillus murinus and Lactobacillus 
johnsonit), two Enterobacteriaceae members 
(Proteus mirabilis and Klebsiella oxytoca), and 
the common intestinal commensal Enterococcus 
faecalis. To determine whether this five-species 
community was sufficient to promote MAIT 
cell development, we colonized GF mice by 
administering the bacteria at weeks 1, 2, and 
3 by means of oral gavage (Fig. 1H). The colo- 
nization of neonatal GF mice with our early- 
life microbial community induced MAIT cell 
development to the same extent observed in 
SPF mice harboring high MAIT cell frequencies 
(Fig. 11). Thus, this limited community was 
sufficient to provide the necessary developmen- 
tal and/or survival signals. Conversely, expo- 
sure later in life failed to promote MAIT cell 
development and accumulation within tissues 
(Fig. 1, H and I), while still inducing T helper 17 
(Ty17) and IL-17A* yé T cells (fig. SIF). Sim- 
ilarly, conventionalized mice (adult GF mice 
cohoused with SPF animals) remained deficient 
in MAIT cells (Fig. 1D. Thus, exposure to the 
microbiota during an early-life window has a 
profound impact on MAIT cell development, 
and exposure later in life cannot compensate 
for a lack of neonatal colonization. 
Whole-genome sequencing of the five-species 
community indicated that P. mirabilis and 
K. oxytoca have the genes 7ibA, ribD, and pyrp2, 
which encode the riboflavin synthesis enzymes 
necessary to generate the MAIT cell antigen 
5-OP-RU, whereas the Lactobacillus species 
and E. faecalis do not (Fig. 1J), suggesting that, 
within our defined community, early coloniza- 
tion with Enterobacteriaceae were responsible 
for the emergence of the MAIT cell lineage. 
The monocolonization of neonatal GF mice 
with P. mirabilis, but not L. johnsonii, was 
sufficient to drive MAIT cell development (Fig. 
1K). Segmented filamentous bacteria (SFB), a 
known inducer of T};17 cells that lacks ribo- 
flavin synthesis enzymes (Fig. 1J and fig. S1G) 
(29, 30), also failed to induce MAIT cells (Fig. 
1K). As we observed with the five-species early- 
life community, the ability of P. mirabilis to 
promote MAIT cell development was depen- 
dent on neonatal colonization or exposure from 
birth, both in the skin and other tissues (fig. 
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S1H). P. mirabilis colonization of both GF 
neonates and adults was sufficient to induce 
mature CD24" CD44* MATT cells in the thymus 
(fig. S11), indicating that microbial exposure 
in early life is required for the development 
of tissue MAIT cells but not the thymic devel- 
opmental stages. This corroborates recent work 
that demonstrates that microbially derived 5- 
OP-RU can promote the thymic development 
of MAIT cells in GF mice (37). Enterobacteriaceae, 
including both Proteus and Klebsiella species, 
are enriched in the gut microbiota of both 
human and mouse neonates and decrease over 
time (28, 32, 33). Thus, the early abundance of 
Enterobacteriaceae may play an essential role 
in the long-term imprinting of MAIT cells. 

We next assessed whether exposure to mi- 
crobial antigens alone during early life was 
sufficient to induce MAIT cell development 
and whether such exposure could occur at 
other barrier sites, such as the skin. To this 
end, we administered a mixture of 5-amino- 
6-p-ribitylaminouracil (5-A-RU) and methyl- 
glyoxal, which react to form the unstable MAIT 
cell ligand 5-OP-RU (34), to the skin of GF mice 
on a weekly basis, beginning at 1 week of age. 
Topical application of 5-OP-RU was sufficient 
to induce a significant increase in the number 
of MAIT cells within the skin (Fig. 1L), without 
promoting the accumulation of other T cell 
subsets (fig. S1J). This demonstrated that anti- 
gen recognition in the absence of microbial- 
induced proinflammatory cytokines was adequate 
for MAIT cell development. In agreement with 
our observation that adult microbial coloni- 
zation was insufficient to promote MAIT cell 
development (Fig. 11), topical application of 
5-OP-RU to the skin of adult GF mice failed to 
induce MAIT cells (Fig. 1L). Thus, early-life 
exposure to commensals that produce defined 
metabolites, or to microbially derived metab- 
olites alone, is required for MAIT cell develop- 
ment and their presence later in life. Although 
this exposure to microbial antigens can occur 
at multiple barrier sites, it must take place 
during a defined period in early life. If not, 
MAIT cell development in tissues is perma- 
nently impaired. 


Cutaneous MAIT cells express a type-17 
transcriptional program and require 
homeostatic IL-23 


MAIT cells have previously been shown to 
produce either type-1- or type-17-associated 
cytokines (18, 26). After stimulation, skin 
MAIT cells robustly produced IL-17A but not 
interferon-y (IFNy) (Fig. 2A), suggesting that 
within the skin, these cells are exclusively type-17 
lymphocytes. As such, in mice with high MAIT 
cell frequencies, MAIT cells accounted for the 
largest proportion of IL-17A* a T cells (Fig. 2B), 
indicating that these innate-like lymphocytes 
can represent a dominant type-17 effector sub- 
set in the skin. 
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Fig. 1. Early-life exposure to riboflavin-synthesizing commensals is 
required for MAIT cell development. (A) Percentage of T cells (TCRB* or 
TCRy*) that are MAIT, NKT, or y& T cells in WT mice. SI LP, small intestine 
lamina propria. (B) Percentage of MAIT cells among of T cells in SPF and 

GF WT mice. (C) Flow cytometry of TCRB* lymphocytes from the skin of SPF 
and GF WT mice. (D and E) Analysis of SPF mice housed in different cages 
(denoted a to g). (D) Flow cytometry of TCRB* lymphocytes from the skin of 
mice housed in the indicated cages. (E) The percentage of MAIT cells among af 
T cells, with each dot representing an individual mouse. (F) Flow cytometry 

of CD3* lymphocytes from a human skin biopsy. (G) 16S rRNA gene sequencing 
of feces from WT SPF mice longitudinally sampled from 2 to 6 weeks of age 
and the number of MAIT, NKT, and y6 T cells present in WT SPF mice at the 
corresponding ages. Asterisks denote statistically significant changes in cell 
number from 2 weeks of age. (H) Neonatal GF mice received oral gavages at 

1, 2, and 3 weeks after birth, whereas adult GF mice received oral gavages at 
7, 8, and 9 weeks of age. Both were analyzed 5 weeks after the initial gavage. 
(I) Number of MAIT cells in the skin of GF mice administered oral gavages 
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of the five-species (5-spp.) community (P. mirabilis, K. oxytoca, E. faecalis, 

L. johnsonii, and L. murinus) either as neonates (Neo.) or adults (Ad.) as depicted 
in (H) or conventionalized (conv.) by cohousing with SPF mice for 3 weeks 

as adults. (J) Presence of riboflavin synthesis genes in bacteria of the 
five-species community and SFB denoted with the appropriate color. 5-A-RU, 
which reacts with methylglyoxal to form the MAIT cell antigen 5-OP-RU, 

and 6,7-dimethyl-8-(1-p-ribityl)lumazine (RL-6,7-diMe) are denoted in red. 

(K) Number of MAIT cells in the skin of GF mice monocolonized as neonates, 
with the indicated bacterial species compared with GF and SPF controls. 

(L) PBS solution of 1 mM 5-A-RU and 25 mM methylglyoxal (referred to as 
5-OP-RU) was topically applied once per week to the skin of GF mice 
beginning either at 1 week of age (Neo.) or 7 weeks of age (Ad.). Number of 
MAIT cells in the skin was assessed 5 weeks after the initial application. Flow 
cytometry gate frequencies and graphs indicate means + SEM. Data represent 
at least two experiments with four or more mice per group. *P < 0.05, 

**P < (0.01, ***P < 0.001, and ****P < 0.0001 as calculated with Student's t test. 
“ns” denotes that comparison was not significant. 
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Fig. 2. Cutaneous MAIT cells express a type-17 transcriptional program 

and require homeostatic IL-23. (A) Flow cytometry of cytokine production 
by MAIT cells from the skin of WT mice. (B) Percentage of IL-17A* of 

T cells within WT mouse skin that were CD4*, CD8*, NKT, or MAIT cells. 

(C and D) RNA-seq data of cutaneous MAIT cells and CD4* CD25" T cells. 
(C) Top 20 GO terms that were enriched in MAIT cells and, for the indicated 
GO terms, the top 30 genes up-regulated in MAIT cells. Positive (pos.), 
negative (neg.), and regulation (reg.) are abbreviated. (D) Expression plot 
normalized to transcripts per million (TPM), with a minimum fold-change 

of 2 and FDR < 5%. Type-17 genes are denoted in red, and genes associated 
with Type-1, Type-2, T regulatory, and T helper programs are highlighted 

in blue. (E) Representative flow cytometry plot of TCRB* lymphocytes from 
the skin of 1123r8"°’* mice. (F) Percentage change of the indicated T cells in 
the skin of 1123r8'?“8” mice compared with WT controls. Statistics denote 
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whether the percentage differs significantly from the WT mean (100%). 

(G) Number of cutaneous MAIT cells in 1/23r8°’8 mice and WT controls. 
(H) Percentage of MAIT cells in the indicated organs that expressed CD4, 
CD8, or neither coreceptor [double negative (DN)]. (I and J) scRNA-seq 
data of MAIT cells sorted from mouse skin, spleen, lung, and liver. Clusters 
were assigned to “Skin” or “Spleen/Lung/Liver” on the basis of the presence 
of hashtag oligonucleotides (HTOs) from those tissues. Clusters that did not 
have a predominance of HTOs from either skin or the other tissues were not 
assigned (“NA”). (1) UMAP plot displaying the distribution of MAIT cell clusters 
assigned to skin and the other tissues. (J) UMAP plots depicting expression 

of the indicated transcripts. Flow cytometry gate frequencies and graphs indicate 
means + SEM. Data represent at least two experiments with four or more mice 
per group. **P < 0.01, ***P < 0.001, and ****P < 0.0001 as calculated with 
Student's t test. “ns” denotes that comparison was not significant. 


(ERK1/2) cascade, which is downstream of 


To establish the gene expression profile of 
cutaneous MAIT cells, we compared them with 
conventional CD4"* T cells from the skin using 
RNA-sequencing (RNA-seq) (fig. S2A). Gene 
Ontology (GO) enrichment analysis revealed 
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that cutaneous MAIT cells express a transcrip- 
tional profile consistent with T cell activation, 
including leukocyte differentiation, migration 
and cell adhesion, cytokine production, and the 
extracellular signal-regulated kinase-1 and -2 
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T cell receptor (TCR) signaling (Fig. 2C). MAIT 
cells were also enriched in GO terms associ- 
ated with tissue repair (Fig. 2C), suggest- 
ing that these lymphocytes may contribute 
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to the maintenance or restoration of tissue 
homeostasis. 

As expected, cutaneous MAIT cells expres- 
sed the gene Zbtb16 (Fig. 2D), which encodes 
the transcription factor promyelocytic leu- 
kemia zinc finger (PLZF) and is necessary for 
their development (78, 26). Consistent with 
their IL-17A potential, MAIT cells expressed 
type-17-associated transcripts, including //22 
and Rorc, the gene for the transcription factor 
retinoic acid receptor-related orphan receptor-yt 
(RORyt), as well as [dr] and 11237, which encode 
receptors for IL-1 and IL-23, respectively (Fig. 
2D). Analysis of IirT/~ mice indicated that cuta- 
neous MAIT cells do not require IL-1 signaling 
for their development (fig. S2, B and C). MAIT 
cells expressed the highest levels of IL-23R 
among af T cells (Fig. 2E), and IL-23 receptor- 
deficient mice (11237°/”’“” ) exhibited fewer 
MAIT cells than did WT animals (Fig. 2, F and 
G, and fig. S2, D and E), supporting the idea 
that homeostatic IL-23 contributes to MAIT 
cell development and/or accumulation within 
tissues. Although SFB is known to promote 
IL-23 expression (35), SFB did not induce 
MAIT cells in GF mice (Fig. 1K), indicating 
that IL-23 is insufficient to promote MAIT 
cell development in the absence of microbial- 
derived metabolites. Thus, MAIT cells consti- 
tute a substantial IL-17A-producing population 
within the skin that requires IL-23 signaling 
for development and/or survival. 

Although the MATT cell TCR does not require 
the CD4 or CD8 coreceptors to facilitate recog- 
nition of antigens presented by MRI, CD4", 
CD8*, and CD4~ CD8™ double-negative (DN) 
MAIT cells have been described in mice (26), 
whereas CD8* and DN subsets exist in humans 
(36). We found that MAIT cells from the skin 
and other barrier sites, such as the lungs and 
gut, were almost exclusively DN (Fig. 2H). Con- 
versely, a large proportion of MAIT cells in the 
thymus, spleen, and liver expressed either CD4 
or CD8. In humans, DN MAIT cells produce 
more IL-17 and can arise from CD8* MAIT 
cells in vitro (36), suggesting that the mouse 
DN MATT cells at barrier tissues may represent 
the most mature developmental stage. 

We next compared the transcriptional pro- 
file of MAIT cells from the skin to other tis- 
sues by means of single-cell RNA-sequencing 
(scRNA-seq). Cutaneous MAIT cells displayed 
a markedly different transcriptional profile 
(Fig. 2, I and J, and fig. $2, F and G). In con- 
cordance with our previous data (Fig. 2, D and 
H), skin MAIT cells expressed Rorc, IlIr1, and 
1123r and predominantly lacked expression of 
Cd4 and Cd8a (Fig. 2J). Type-1 MAIT cells ex- 
pressing 76x21, which encodes T-bet, and Cxer3 
were present in nonskin tissues, whereas the 
Rorc* MAIT cells expressed Ccr6 (Fig. 2J). 
Additionally, scRNA-seq confirmed that cuta- 
neous MAIT cells express multiple genes asso- 
ciated with tissue repair, including Lgals3, F2r, 


Constantinides et al., Science 366, eaax6624 (2019) 


Sdcl, and Npnt (Fig. 2J). MAIT cells expressing 
either coreceptor did not cluster distinctly from 
DN MATT cells from the same tissue (Fig. 2J), 
suggesting that the transcriptional differences 
between the CD4*, CD8*, and DN subsets did 
not outweigh their tissue-specific programs. 


Skin-resident MAIT cells respond to cutaneous 
microbes in an IL-1- and IL-18—dependent manner 


The skin is readily exposed to the environment 
and colonized by a diverse microbial commu- 
nity that is second in size only to the intestinal 
microbiome (37). We have previously shown 
that topical application of the skin commensal 
Staphylococcus epidermidis promotes the accu- 
mulation of conventional CD4* T cells, H2-M3- 
restricted CD8* T cells, and yé T cells within the 
skin without causing inflammation (11, 12, 38). 
Although the relative abundance of MAIT cells 
within tissues is imprinted through early ex- 
posure to defined microbes, MAIT cells may 
also subsequently respond to alterations in the 
abundance or composition of tissue-resident 
microbiota—specifically, those capable of 
synthesizing riboflavin. Using strains of 
S. epidermidis that either induce nonclassi- 
cal CD8* T cells or not (fig. S3A) (12), we ob- 
served that in both cases, topical association 
expanded the cutaneous DN MAIT cell pop- 
ulation and increased their production of 
IL-17A (Fig. 3, A to D, and fig. S3, B to D). Fur- 
thermore, there was a strong positive correla- 
tion between the abundance of MAIT cells 
before and after association with S. epidermidis 
(fig. S3, E and F), indicating that SPF animals 
that were developmentally imprinted with a 
low MAIT cell frequency will retain a lower 
level of MAIT cells after subsequent inter- 
actions with the microbiota. 

To determine whether the MAIT cell re- 
sponse to S. epidermidis resulted from local 
expansion or required priming in the lymph 
node, we associated Lta~ mice (39). Although 
the number of CD4*, CD8"*, and y T cells after 
S. epidermidis association were significantly 
decreased in the absence of lymph nodes as 
expected (Fig. 3E), S. epidermidis still promoted 
an expansion of MAIT cells in the skin of LTo- 
deficient mice. This suggested that MAIT cells 
respond to skin commensals locally, either 
through antigen recognition and/or cytokine 
stimulation. To further interrogate whether 
MAIT cells remain within the skin tissue after 
stimulation, we associated congenically labeled 
mice with S. epidermidis and performed para- 
biosis (Fig. 3F). As previously described for 
NKT cells, subsets of y6 T cells, and MAIT cells 
in other tissues (40-43), unconventional T cells 
in the skin, including MAIT cells, were host- 
derived (Fig. 3G). Thus, MAIT cells persist in 
the skin as a tissue-resident population and re- 
spond locally to skin commensals. 

MAIT cells have been shown to respond to 
cytokine stimulation in an antigen-independent 
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manner (44). More generally, the relative con- 
tribution of antigen versus cytokines in MAIT 
cell activation in vivo remains poorly under- 
stood. Although homeostatic IL-23 contributed 
to early MAIT cell development (Fig. 2, F and 
G, and fig. S2E), blocking the IL-23 receptor 
during S. epidermidis association did not re- 
duce MAIT cell numbers (Fig. 3H). Because 
MAIT cells are known to up-regulate IL-18Ra 
during development (78), we confirmed that 
cutaneous MAIT cells expressed IL-18Ra (Fig. 
31). Neutralization of IL-18 significantly reduced 
the MAIT cell response to S. epidermidis asso- 
ciation (Fig. 3, J to L, and fig. S3G), indicating 
that IL-18 signaling was required for optimal 
MATT cell expansion. We have previously shown 
that topical application of S. epidermidis elicits 
the release of IL-la, which promotes IL-17 re- 
sponses by y6 and conventional of T cells 
(45). Although IL-1 receptor-deficient animals 
(irr! ~) had equivalent numbers of cutane- 
ous MAIT cells as WT mice at steady state 
and upon S. epidermidis application (Fig. 3M), 
their ability to produce IL-17A was signifi- 
cantly decreased (Fig. 3, N and O). Thus, IL- 
18 was necessary for the expansion of MAIT 
cells in response to S. epidermidis, and local 
IL-1 signaling was required for the licensing of 
IL-17A production. 

We next assessed how S. epidermidis asso- 
ciation affects the transcriptional profile of 
tissue-resident MAIT cells. RNA-seq analysis 
revealed that application of S. epidermidis led 
to an enrichment in GO terms associated with 
leukocyte activation and tissue repair (Fig. 3, P 
and Q), indicating that skin commensals may 
reinforce the functional capabilities of cutane- 
ous MAIT cells. In addition to inducing the 
expression of genes downstream of TCR sig- 
naling, such as Egri and Egr2 (46), S. epidermidis 
association promoted the expression of genes 
associated specifically with angiogenesis, in- 
cluding angiogenin (Ang) and Hef (47, 48), 
as well as genes that more broadly promote 
tissue repair, such as Ceacam1, Grn, Hmox!, 
Igfl, and Pdgfa (Fig. 3R) (49-53). Thus, meta- 
bolites produced by defined skin commen- 
sals may promote the local expansion and 
activation of cutaneous MAIT cells and en- 
hance their tissue repair program. 


MR1-mediated presentation of riboflavin 
metabolites is necessary and sufficient for 
MAIT cell recognition of skin commensals 


Although the intestine harbors multiple bac- 
terial families that are unable to generate ribo- 
flavin, riboflavin synthesis is highly conserved 
among skin commensals (Fig. 4A). Nearly 
all Staphylococcaceae species, including our 
S. epidermidis isolates, express riboflavin syn- 
thesis genes (Fig. 4, A and B). To assess whether 
recognition of riboflavin metabolites was nec- 
essary for MAIT cell responses within the skin, 
we generated a mutant strain of S. epidermidis 
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Fig. 3. Skin-resident MAIT cells respond to cutaneous microbes in an IL-1- 
and IL-18-dependent manner. (A to C) S. epidermidis (S. epi) LMO61 was 
topically applied to the skin of WT mice on days 0, 2, 4, and 6. Animals were 


compared with unassociated (con 


trol) mice 14 days after the initial application. 


(A) Flow cytometry of TCRB* lymphocytes (top), IL-17A production by MAIT cells 


(middle), and coreceptor expressi 


on of MAIT cells (bottom) within the skin. 


(B) Number of cutaneous MAIT cells. (C) Number of cutaneous IL-17A* 
MAIT cells. (D) Number of cutaneous MAIT cells after topical association with 


CD8* T cell-inducing (LMO87) an 


dd —noninducing (05001 and LMO61) strains of 


S. epidermidis. (E) Both Lta’~ an 


d WT mice were topically associated with 


S. epidermidis LMO87, and the percentage change of T cells in the skin of Lta’’~ 


mice compared with WT controls 


is depicted. Statistics denote whether the 


percentage differs significantly from the WT mean (100%). (F) CD45.1 (5.1) and 


CD45.2 (5.2) mice were topically 


associated with S. epidermidis LM087, 


conjoined 7 weeks later, and analyzed 13 weeks after parabiosis. (G) Frequency 


of T cells in the indicated tissues 
(H) WT mice were injected subcu 


of parabiotic mice that are host-derived. 
taneously with 1 mg of either antibody to 


IL-23R or mlgGl isotype control 2 days before the initial application of 
S. epidermidis LMO61 on day O and again on day 6. Number of cutaneous MAIT 
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cells is depicted. (I) Flow cytometry of TCRB* lymphocytes from the skin of 
WT mice. (J to L) WT mice were injected intraperitoneally with either 1 mg 

of antibody to IL-18 or saline (vehicle) 2 days before the initial application 

of S. epidermidis LMO61 on day 0 and again on days 1, 5, 8, and 11. (J) Number of 
cutaneous MAIT cells and (K) IL-17A* MAIT cells and (L) percentage of MAIT 


cells that are IL-17A* in mi 
that were associated with 
(M) MAIT cells and (N) IL- 
with S. epidermidis LMO6 


ce treated with antibody to IL-18 and control mice (vehicle) 
S. epidermidis LMO61. (M and N) Number of cutaneous 
17A* MAIT cells in Ilr" mice and WT controls associated 
. (O) Flow cytometry of IL-17A production by MAIT cells 


within the skin of S. epidermidis—associated mice. (P to R) RNA-seq data of cutaneous 


MAIT cells from mice associated with S. epidermidis LMO61 and unassociated 


controls. GO terms enric 
that are related to (P) le 


negative (neg.), and regulation (reg.) are abbreviated. (R) Heatmap depicting 
relative expression (exp.) of genes associated with tissue repair and leukocy 
activation (Act.). Flow cytometry gate frequencies and graphs indicate mean 
SEM. Data represent at least two experiments with four or more mice 

per group. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 as calcu 


with Student's t test. “ns 


hed in MAIT cells from S. epidermidis—associated mice 
ukocyte activation and (Q) tissue repair. Positive (pos.), 


iS + 


ated 
" denotes that comparison was not significant. 
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Fig. 4. MR1-mediated presentation of riboflavin metabolites is necessary 
and sufficient for MAIT cell recognition of skin commensals. (A) Heatmap 
displaying the abundance of riboflavin synthesis genes among species in the 


indicated bacterial families. (B) Presence of riboflavin 


of S. epidermidis denoted with the appropriate color. (©) Number of cutaneous 
MAIT cells in WT mice associated with either S. epidermidis LMO87 or mutant 
S. epidermidis LMO87 AribD. (D to H) 5-OP-RU was topically applied to the skin 
of WT mice on days 0, 2, 4, and 6. Animals were compared with untreated 


(control) mice 14 days after the initial application. (D) 
lymphocytes (top) and IL-17A production by MAIT cel 


skin of 5-OP-RU-treated and control mice. Shown in (E) and (G) are the 


percentage change of the indicated (E) T cells and (G 


with a deletion of the 77bD gene, which is 
required for the second step of the riboflavin 
synthesis pathway, preceding generation of 
5-OP-RU (27). Although this mutation pre- 
vented riboflavin synthesis from guanosine- 
5'-triphosphate (GTP), the S. epidermidis AribD 
mutant retained the r7bB, ribH, and ribE genes 


synthesis genes in strains 


ra 


Flow cytometry of TCRB 
s (bottom) within the 


IL-17A* T cells in the skin 


ribulose 5-phosphate (Fig. 4B). WT and AvibD 
mutant strains colonized the skin equivalently 
(fig. S4A). However, in contrast with the WT 
S. epidermidis strain, association with the 
S. epidermidis AribD mutant failed to induce 
a MAIT cell response (Fig. 4C), even though 
the CD8* and yé T cell responses were con- 


necessary to produce MAIT cell antigens from 
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served (fig. S4, B and C). Thus, these results 
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of mice treated with 5-OP-RU compared with untreated controls. Statistics 
denote whether the percentage differs significantly from the control mean (100%). 
Shown in (F) and (H) are th 
IL-17A* MAIT cells in 5-OP-RU-treated and untreated control mice. (I and 

J) Mr R26cFRT2 and Mr1’”* littermate controls were injected intraperitoneally 
with 3 mg of tamoxifen 8, 6, 4, and 2 days before the initial association with 
S. epidermidis LMO61 and were analyzed 14 days later. (I) Flow cytometry of 
TCRB* lymphocytes and cytokine production by MAIT cel 
cutaneous MAIT cells. Flow cytometry gate frequencies and graphs indicate 
means + SEM. Data represent at least two experiments with four or more mice 
per group. *P < 0.05, **P < 0.01, and ***P < 0.001 as ca 
t test. “ns” denotes that comparison was not significant. 


number of cutaneous (F) MAIT cells and (H) 


s. (J) Number of 


culated with Student's 


support the idea that production of riboflavin 
intermediates by S. epidermidis is required for 
local MATT cell activation and that Staphylococcus 
species generate riboflavin exclusively from 
GTP. To assess whether exposure to mi- 
crobial antigens was sufficient to activate 
MAIT cells within the skin, we topically ap- 
plied 5-OP-RU to SPF mice. Application of 
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Fig. 5. MAIT cells promote tissue repair. (A) Representative confocal 
microscopy images of the skin of //17a°’® R26-STOP-YFP mice that received 
topical 5-OP-RU and untreated controls. Shown is a projection along the z axis 
(top) or x axis (bottom). Colocalization of yellow fluorescent protein (YFP) and 
TCRB is depicted in green, whereas the colocalization of YFP and either CD4 or 
CD8 is in red. White dashed lines denote the dermal-epidermal interface. Scale 
bars, 50 um. (B) Flow cytometry of Thy1.2* lymphocytes within the dermis and 
epidermis of WT mice. (C) Flow cytometry of TCRB* lymphocytes from the skin 
of Terd’’~ and WT mice either associated with S. epidermidis LMO61 or left 
untreated. The TCRB" cells in the Tord” samples are DETCs that express a8 
TCRs. (D) Number of cutaneous T cells in Terd’’~ and WT mice afte 
S. epidermidis LMO61. (E and F) S. epidermidis LMO61 was topically applied to the 
backs of MAIT cell-deficient Mrl”" Terd’” mice and Terd’’~ littermates on days 


0, 2, 4, and 6. Punch biopsies were taken through the 


antigen alone resulted in a significant increase 
of cutaneous IL-17A* MATT cells, with minimal 
effects on other T cells subsets (Fig. 4, D to H, 
and fig. S4, D and E). As with S. epidermidis, 
the MAIT cell response to 5-OP-RU resulted 
from local expansion (fig. $4, F and G), without 
an accompanying expansion of MAIT cells in 
other tissues (figs. S4, H to M). 

To further interrogate whether antigen pre- 
sentation is necessary for the MAIT cell response 
to skin commensals, we generated Mri” con- 
ditional knockout mice by inserting LoxP sites 
flanking exon 3 (fig. S4N), resulting in the 
elimination of the a2 helix, which together with 
the a1 helix composes the ligand-binding cleft 
of MRI (75). Although previous work has sug- 
gested that MAIT cells are selected on double- 
positive (DP) thymocytes similarly to NKT cells 
(54), this study used TCR transgenic T cells, 
which have been shown to display an unusual 
PLZF CD44" phenotype (26). Therefore, whe- 
ther thymocytes are necessary for the selection 
of WT MATT cells remained to be determined. 
Analysis of Mri Cd4” mice revealed a pro- 
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association with 


back skin 12 days after was not significant. 


found reduction in MAIT cells compared with 
littermate controls, whereas other lineages were 
unaltered (fig. S4, O and P), indicating that 
MAIT cells are indeed selected on thymocytes. 

Previous studies have suggested that B cells 
promote MAIT cell development and may pre- 
sent commensal antigens (/7, 55). However, 
Mri1™ ca19°° mice and Mri littermates had 
similar numbers of MAIT cells before and 
after association with S. epidermidis (fig. S4Q). 
To determine whether the MAIT cell response 
to S. epidermidis required antigen recognition, 
we used a tamoxifen-inducible Cre recombi- 
nase to enable ablation of MR1 after MAIT cell 
development (56). Treating the resulting Mri Ue 
Rosa267 "8 mice and Mri littermates with 
tamoxifen did not affect MAIT cell numbers 
3 weeks later, suggesting that continuous anti- 
gen presentation is not necessary to maintain 
MAIT cells in the skin under steady-state con- 
ditions (Fig. 4J). Tamoxifen treatment a week 
before the S. epidermidis association revealed 
that MR1-mediated antigen presentation is re- 


quired for the MAIT cell response (Fig. 4, I and 
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the initial application, and animals were assessed 5 days later. (E) Representative 
immunofluorescence images of back skin wounds 5 days after punch biopsies. 
Tissue sections were immunolabeled with Keratin 
advancing epidermal tongues (demarcated with white dashed lines) during 
re-epithelialization of the wounds. Scale bars, 1 mm. (F) Quantification of the 
epidermal tongue length 5 days after wounding, with each dot representing the 
measured length of an individual epidermal tongue. (G) 5-OP-RU was topically 
applied to the backs of WT mice on days 0, 2, 4, and 6. Punch biopsies were taken 
through the back skin 12 days after the initial application, and animals were 
assessed 5 days later, when epidermal tongue lengths were quantified. Flow 
cytometry gate frequencies and graphs indicate means + SEM. Data represent 

at least two experiments with four or more mice per group. *P < 0.05 and 

**P < 0.01 as calculated with Student's t test. “ns” denotes that comparison 


4 (red), which stains the 


J, and fig. S4, R and S). Thus, the production 
of riboflavin metabolites by defined skin com- 
mensals and presentation of these antigens 
promotes local expansion and activation of 
cutaneous MAIT cells. Although cytokines have 
been shown to be sufficient to activate MAIT 
cells (44), our results support the idea that in 
the context of homeostatic responses to the 
microbiota, the MAIT cell response is strictly 
TCR-dependent. 


MAIT cells promote tissue repair 


To explore a potential role for MAIT cells in 
skin physiology, we first determined their loca- 
lization within the skin. Because MAIT cells ac- 
count for the vast majority of IL-17A-producing 
af T cells after topical application of 5-OP-RU 
(fig. S5A), we imaged the skin of Il17a"’ R26- 
STOP-YFP fate-mapping mice by means of con- 
focal microscopy and found that MAIT cells 
predominantly resided near the interface of 
the dermis and epidermis, in close proximity 
to the basal layer (Fig. 5A). Dissociation of the 
dermis and epidermis confirmed that although 
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few MAIT cells are present in the epidermal 
layer, the majority are localized in the dermis 
(Fig. 5B). This localization contrasted with that 
of conventional CD4* or CD8* T cells, which 
localized close to hair follicles and within the 
epidermis, respectively (38). Together with 
the tissue remodeling signature of these cells 
(Figs. 2, C and J, and 3, Qand R), this supported 
the idea that MAIT cells may regulate tissue 
responses to injury. 

Although alterations in MAIT cell frequen- 
cies have been associated with various pathol- 
ogies, including skin conditions (57, 58), the 
functions of these cells remain largely unclear. 
The previous difficulty assessing MAIT cell 
function in mice may have been due to the 
low frequency of MAIT cells in mouse tissues 
other than skin, as well as the potentially over- 
lapping functions and compensatory responses 
of unconventional T cell subsets. NKT cell- 
deficient Cdid~/~ mice harbor greater num- 
bers of thymic and splenic MAIT cells (78), 
suggesting that this subset of innate-like lym- 
phocytes competes with the MAIT cell popu- 
lation. However, such a compensatory response 
was not observed in the skin of Cdid“~ mice 
(fig. S5, B and C), likely because of the relatively 
small number of NKT cells in the skin com- 
pared with y6 T cells. Conversely, in the absence 
of y6 T cells, MAIT and NKT cell numbers were 
significantly increased at steady state and after 
S. epidermidis association (Fig. 5, C and D, and 
fig. S5, D to F). Therefore, 6 T cells restrict the 
MAIT cell population at steady state and con- 
strain their response to commensals. This ob- 
servation provided us with an approach to test 
the function of MAIT cells when competition 
with other innate-like lymphocytes is limited, 
a setting that is relevant to the lymphocyte 
composition of human skin, where y6 T cells 
are far less abundant than in mice (59). 

Previous studies from our laboratory and 
others have indicated that innate-like lympho- 
cytes can promote tissue repair. For instance, 
CD8* T cells that recognize commensal-derived 
N-formylated peptides presented by the MHC- 
Ib molecule H2-M3 accelerate wound closure 
in mice (72), whereas mouse dendritic epider- 
mal T cells (DETCs) promote epidermal thicken- 
ing and keratinocyte proliferation (60). We used 
an experimental model that involved taking 
a punch biopsy through the mouse back skin 
12 days after the initial association with S. 
epidermidis and assessing the re-epithelialization 
of the wound 5 days later by measuring the 
epidermal tongue of proliferating keratinocytes 
(fig. S5G) (12, 67). To minimize confounding 
effects of H2-M3-restricted CD8* T cells, we 
topically associated Tc crd/~ mice and MAIT 
cell-deficient Mri/~ Terd~ littermates with 
a strain of S. epidermidis that does not induce 
CDs" T cells (72). After wounding, the epider- 
mal tongue lengths of MAIT cell-sufficient 
Terd‘~ mice were significantly longer than 
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those observed in MAIT cell-deficient Mr17/~ 
Terd ‘~ animals (Fig. 5, E and F), indicating 
that MAIT cells promote tissue repair in the 
absence of compensatory responses by y6 
T cells. 

To assess whether an increase in MAIT cells 
was sufficient to affect skin physiology and re- 
sponse to injury, we directly applied the 5-OP-RU 
antigen to the skin of WT mice before wound- 
ing to selectively increase MAIT cells (Fig. 4E). 
The topical application of 5-OP-RU significantly 
increased the epidermal tongue length (Fig. 
5G), demonstrating that the microbially derived 
antigen 5-OP-RU was sufficient to promote 
wound healing in an intact host. 


Discussion 


After development, the skin harbors tissue- 
resident IL-17A* MAIT cells, and exposure to 
defined skin microbes or microbially derived 
antigens can further MAIT cell accumulation 
and strengthen the tissue repair functions of 
these cells in an antigen-dependent manner. 
The majority of skin commensals were capable 
of synthesizing riboflavin-derived metabolites 
(Fig. 4A), suggesting that these antigens con- 
tribute to skin health and homeostasis and 
may represent new therapeutic approaches for 
promoting tissue repair. 

We also uncovered how early microbial en- 
counters have long-term effects on the com- 
position of the immune system. We show that 
MATT cells are induced during a specific early-life 
window in response to riboflavin-synthesizing 
commensals, a phenomenon that permanently 
imprints the abundance of this subset in tissues. 
Previous work uncovered a role for early-life 
exposure to epithelial cell-derived butyrophilin- 
like proteins for Vy7" y6 intraepithelial lympho- 
cyte development, gestational colonization for 
the induction of ILCs, and early colonization 
with the intestinal commensal B. fragilis to 
constrain the abundance of NKT cells in adults 
(8, 62, 63). Together, these findings imply that 
temporal windows of development and per- 
manent imprinting of tissues may represent 
a general phenomenon for nonclassically re- 
stricted T cells. Our work also provides a pos- 
sible explanation for the remarkable variation 
in MAIT cell abundance observed in humans 
(21, 22). In contrast to mice, human T cells 
develop in utero, which supports the hypothesis 
that such early MATT cell imprinting may occur 
before birth. Functionally mature MAIT cells 
have been found in second-trimester human 
fetuses (64). How, in humans, microbiota-derived 
riboflavin intermediates before and after birth 
contribute to the final maturation and long- 
term tissue imprinting of MAIT cells remains 
to be addressed. Our work proposes that a cen- 
tral strategy used by the immune system to 
interact with the microbiota may be through 
the recognition of canonical microbially de- 
rived antigens by unconventional T cells, in- 
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cluding MAIT cells, a dialogue that may play a 
dominant role in the control of host physiology. 


Materials and Methods 

Mice 

T7a‘"? (65), 112372”/*” (66), and Mri" (17) 
mice have been previously described and were 
generously provided by B. Stockinger (Francis 
Crick Institute), M. Oukka, (Seattle Children’s 
Research Institute), and S. Gilfillan (Washington 
University School of Medicine), respectively. 
Wild-type (WT) C57BL/6NTac and BALB/c SPF 
mice were purchased from Taconic Biosciences. 
CD45.1 (B6.SJL-Ptpre* Pepc?’/BoyJ) and Iirr/~ 
(C57BL/6-[KO]ILIr1) were obtained through 
the NIAID-Taconic exchange program. GF 
C57BL/6 mice were bred and maintained in 
the NIAID Microbiome Program gnotobiotic 
animal facility. Cdid/~ (B6.129S6-Del(3Cd1d2- 
Cdidi)1Sbp/J), Cd4””" (Tg(Cd4-cre)1Cwi/BfluJ), 
Cd19°”” (B6.129P2(C)-Cd1g™™E"/ J), Lta/~ 
(B6.129S2-Lta PJ), R26-STOP-YFP (B6.129X1- 
Gt(ROSA)26Sor FPS), RIE"? (B6.129- 
Gt(ROSA)26Sor"™re/ERT2T94/ J), and Terd/~ 
(B6.129P2-Terd*™™°™/J) mice were purchased 
from The Jackson Laboratory. All mice were 
bred and maintained at an American Associ- 
ation for the Accreditation of Laboratory Animal 
Care (AAALAC)-accredited animal facility at 
the NIAID and housed in accordance with 
the procedures outlined in the Guide for the 
Care and Use of Laboratory Animals. All ex- 
periments were performed at NIAID under an 
animal study proposal (LISB-19E or LISB-20E) 
approved by the NIAID Animal Care and Use 
Committee. Unless otherwise noted, age- and 
sex-matched mice between 6 and 12 weeks of 
age were used for each experiment. 


Generation of Mri‘ mice 


CRISPR guide RNAs (gRNAs) were synthe- 
sized following a published protocol (67). The 
following oligos were used to target the second 
and third introns of Mr: 5'-TAGGTTAAAGC- 
CATCCTCCCAT-3’ and 5'-AAACATGGGAGGA- 
TGGCTTTAA-3’ (second) and 5'’-TAGGCTAG- 
GCATGTTAAGAATG-3’ and 5'-AAACCATTCT- 
TAACATGCCTAG-3' (third). Briefly, oligos were 
annealed and ligated into the pT7-gRNA vector 
(Addgene). These constructs were linearized 
and used as templates for in vitro transcription 
(IVT) using the MEGAshortscript T7 Trans- 
cription Kit (Thermo Fisher Scientific), which 
yielded the gRNAs. Cas9 mRNA was generated 
by using linearized pT3TS-nCas9n (Addgene) 
as the template for IVT with the mMESSAGE 
mMACHINE T3 Transcription Kit (Thermo 
Fisher Scientific). Both the Cas9 mRNA and 
the gRNAs were purified using the MEGAclear 
Transcription Clean-Up Kit (Thermo Fisher 
Scientific) and eluted in RNase-free water. 
C57BL/6NCr embryos were microinjected with 
Cas9 mRNA (100 ng/uL), both gRNAs (100 ng/ 
uL), and the following two PAGE-purified ssDNA 
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oligos (300 ng/uL; Integrated DNA Technolo- 
gies), which contain the LoxP sequences flanked 
by 75 bases of homology: 5'’-CAAAAGTGCTTT- 
CAGCCATGCTCCAGTTGTACCACTTGAGAA- 
GTCTCTCTCTGTCTCTGTTTAAAGCCATCC- 
TCCATAACTTCGTATAATGTATGCTATACGA- 
AGTTATCATAGGCTGTATATGTTTCAGGGC- 
TTCACACCTACCAGAGAATGATTGGCTGT- 
GAGTTGCTAGAAGATGGCAGCA-3' and 5’- 
TGGCTAAAGAGGTTCTTGGAATATGGAAGA- 
GATACCCTAGAAAGAACAGGTAATGGGAAG- 
AGAGAACACCTCATATAACTTCGTATAATGT- 
ATGCTATACGAAGTTATTCTTAACATGCCTA- 
GGAAAACTGGCTTTGTGTCTGACTTCCTCTT- 
CTGCAGGTGATATTCGCCCTGTGCTGAAAT- 
3' and surgically transferred to recipient females. 
Progeny were screened by polymerase chain 
reaction (PCR) amplification with primers 5'- 
TITCTGGCTCCTGCGTATCT-3’ and 5’-ATTT- 
CAGCACAGGGCGAATA-3’, followed by Sanger 
sequencing with the primer 5’-CTAATTCCC- 
CAAGGCAAGC-3’. The founder was bred to 
C57BL/6NTac mice to propagate the strain. 


Inducible deletion of MR1 


Mri” R26° "8 and Mri littermate con- 
trols were injected intraperitoneally with 3 mg 
of tamoxifen (Sigma-Aldrich) in a corn oil-ethanol 
(95:5) mixture 8, 6, 4, and 2 days before as- 
sociation with S. epidermidis NIHLMO61. 


Commensal culture and colonization 


For the isolation of intestinal commensals, a 
stool pellet was homogenized in 200 uL of BHI 
and 10 uL of the homogenate was streaked on 
MacConkey (BD Biosciences) and de Man, 
Rogosa, and Sharpe (MRS; Sigma-Aldrich) agar 
plates and incubated at 37°C under aerobic and 
microaerophilic conditions, respectively. After 
48 hours of incubation, colonies bearing distinct 
morphologies were sub-cultured to obtain pure 
cultures. Additionally, reiterative 1:10 dilutions 
in Brain Heart Infusion (BHI) broth allowed 
isolation of single bacteria in 96-well plates 
under aerobic conditions. Taxonomic identifi- 
cation of pure isolates was determined with 
Sanger sequencing. To prepare bacterial cul- 
tures for oral gavage, 10 nL of each frozen 
strain was propagated on Columbia agar with 
5% sheep blood (Thermo Scientific) and incub- 
ated under microaerophilic conditions over- 
night at 36°C. Two to three colonies of each 
strain were inoculated in Peptone Yeast Glu- 
cose (PYG) broth and incubated at 37°C un- 
der microaerophilic conditions for 12 hours, 
except for Lactobacillus strains, which were 
incubated for 24 hours. All cultures were nor- 
malized to an optical density (OD) of 1 at 600 nm, 
mixed in equal volumes when required (5-species 
community), centrifuged, and resuspended in 
10% the volume of PYG broth. Neonates re- 
ceived 20 uL of the bacterial culture by oral 
gavage, whereas adult animals received 200 uL. 
For the topical association with S. epidermidis 
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NIH05001, NIHLM061, and NIHLM087 (refer- 
red to as 05001, LM061, and LM087 in the text) 
(68), strains were cultured for 18 hours in 
Tryptic Soy Broth (TSB) at 37°C, to a density of 
approximately 10° colony-forming units (CFU)/ 
mL. Mice were colonized by topically applying up 
to 5 mL of culture across the entire skin surface 
using a sterile swab. Association was repeated 
every other day, for a total of four times. To 
quantitate S. epidermidis colonization, the ear 
skin was swabbed with a sterile cotton swab 
soaked in TSB. Swabs were streaked on blood 
agar and plates were then incubated at 37°C 
under aerobic conditions for 18 hours before 
counting CFUs. 


Generation of S. epidermidis mutant 


The S. epidermidis NIHLM087 AribD mutant 
was constructed by using a recently described 
method (Chen e¢ al., submitted). Approximately 
1 kb up- and downstream of the gene 7ibD 
were amplified with the following primers: 
5'-CGGTATCGATAAGCTTGATATCTGGAAT- 
AGTTTGAGCGTTAA-3’ and 5’-GATACCTG- 
TAAACATAGACATTCTACTCAATTGATCA- 
CCTC-3' and 5'-GAGGTGATCAATTGAGTA- 
GAATGTCTATGTTTACAGGTATC-3’ and 5’- 
TATAGGGCGAATTGGAGCTCTTACGTGTTAA- 
CACACCATT-3’. These two flanking regions were 
assembled into the plasmid pIMAY (Addgene) 
(69) by using Gibson Assembly (New England 
Biolabs) (70). The resulting plasmid was trans- 
formed into S. epidermidis NIHLM087. Tempe- 
rature shift to 37°C and anhydrotetracycline 
were then used to select for allelic recombination 
events that resulted in a 77bD deletion without 
a genomic scar. Successful knockouts were con- 
firmed by means of colony PCR and sequencing. 


Parabiosis experiments and surgery 


Age-matched CD45.1 and CD45.2 mice were to- 
pically associated with S. epidermidis NIHLM087 
and 7 weeks after the initial colonization, para- 
biosis surgery was performed as described (77). 
Animals were treated with oral antibiotics for 
2 weeks and remained conjoined for 13 weeks 
before analysis. 


In vivo cytokine blockade 


Mice were injected subcutaneously with 1 mg 
of either anti-IL-23R antibody (21A4; Merck) or 
mIgGl1 isotype control (27F11; Merck) 2 d before 
the initial application of S. epidermidis NIHLM061 
and again on day 6. Anti-IL-18 monoclonal anti- 
body (SK113AE-4) (72) was purified from hybridoma 
supernatant using Protein G Sepharose beads 
(Abcam). Mice were injected intraperitoneally 
with either 1 mg of anti-IL-18 or saline (vehicle) 
2 days before the initial application of S. epidermidis 
NIHLM061 and again on days 1, 5, 8, and 11. 


Human skin specimens 


Normal adult human skin was obtained from 
five patients at the University of California, 
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San Francisco, undergoing elective surgery, in 
which healthy skin was discarded as a routine 
procedure. The study was conducted in accord- 
ance with the Declaration of Helsinki principles. 


Human skin processing 


Skin samples were stored at 4°C in a sterile 
container with phosphate-buffered saline (PBS) 
and gauze until the time of digestion. Subcu- 
taneous fat was removed, skin was minced 
finely with dissection scissors, and mixed in 
a six-well plate with 3 mL of digestion buffer 
consisting of 0.8 mg/mL collagenase type 4 
(Worthington), 0.02 mg/mL DNase I (Sigma- 
Aldrich), 10% fetal bovine serum (FBS), 1% 
hydroxyethylpiperazine ethane sulfonic acid 
(HEPES), and 1% penicillin/streptavidin in RPMI 
medium. Samples were incubated overnight in 
5% COz and filtered through a 100-um filter 
with wash buffer (2% FBS, 1% penicillin/ 
streptavidin in RPMI medium). 


Mouse tissue processing 


To isolate skin cells, ear pinnae were excised 
and separated into ventral and dorsal sheets, 
which were digested by placing them dermal 
side down in RPMI 1640 media supplemented 
with 2 mM L-glutamine, 1 mM sodium pyru- 
vate, 1 mM nonessential amino acids, 50 mM 
B-mercaptoethanol, 20 mM HEPES, 100 U/mL 
penicillin, 100 mg/mL streptomycin, 0.5 mg/ 
mL DNase I (Sigma-Aldrich), and 0.25 mg/ml 
of Liberase TL purified enzyme blend (Roche), 
and incubated for an hour and 45 min at 37°C. 
Digested skin sheets were homogenized by 
using the Medimachine tissue homogenizer 
system (BD Biosciences) and passed through 
50-u.m filters. To separate the epidermis from 
the dermis, ear pinnae were first digested for 
45 min with 500 CU Dispase (Corning Life 
Sciences), and curved forceps were used to re- 
move the epidermis, before proceeding with the 
Liberase TL digestion as previously described. 
Lungs were diced and incubated in 2 mL of 
pre-warmed RPMI 1640 containing 1 mg/mL 
DNase I (Sigma-Aldrich) and 0.25 mg/ml of 
Liberase TL (Roche) for 45 min in a 37°C water 
bath. The digested tissue was passed through a 
70-um filter, centrifuged, resuspended in 5 mL 
of 40% Percoll (Sigma-Aldrich), and centri- 
fuged again. Thymus, spleen, and liver were 
dissociated through '70-um filters, after which 
40% Percoll (Sigma-Aldrich) was used to re- 
move hepatocytes from liver samples. Small 
intestine lamina propria were processed as 
previously described (73). 


In vitro restimulation 


Cells were cultured for 2.5 hours at 37°C in 
RPMI complete media (RPMI 1640 supplemen- 
ted with 10% FBS, 2 mM t-glutamine, 1 mM 
sodium pyruvate, 1 mM nonessential amino 
acids, 50 mM f-mercaptoethanol, 20 mM 
HEPES, 100 U/mL penicillin, and 100 mg/mL 
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streptomycin) containing 50 ng/mL of phor- 
bol myristate acetate (PMA; Sigma-Aldrich), 
5 mg/mL ionomycin (Sigma-Aldrich), and a 
1:1000 dilution of GolgiPlug (BD Biosciences). 


Flow cytometric analysis 


Fluorophore-conjugated antibodies that were 
used are listed in table SI. 5-OP-RU and 6-FP- 
loaded mMR1 and hMRI tetramers and PBS57- 
loaded mCDid tetramers were provided by the 
NIH Tetramer Core Facility and cells were 
stained in RPMI complete media for 1 hour 
at room temperature. For intracellular cytokine 
staining, cells were fixed and permeabilized 
using the Fixation/Permeabilization Solution Kit 
(BD Biosciences) and stained with fluorophore- 
conjugated antibodies for at least 60 min at 4°C. 
For transcription factor staining, cells were fixed 
and permeabilized with the Foxp3/Transcription 
Factor Staining Buffer Set (eBioscience) and 
stained with fluorophore-conjugated antibodies 
for at least 60 min at 4°C. All staining was per- 
formed in the presence of purified anti-mouse 
CD16/32 and purified rat gamma globulin (Jackson 
ImmunoResearch). Dead cells were excluded 
from live samples using 4’,6-diamidino-2- 
phenylindol (DAPI; Sigma-Aldrich), whereas 
either LIVE/DEAD Fixable Blue Dead Cell Stain 
Kit (Invitrogen Life Technologies) or Ghost Dye 
Violet 510 (Tonbo Biosciences) was used in 
fixed samples. All antibodies were purchased 
from BD Biosciences, BioLegend, or eBioscience. 
Cells were acquired on an LSRII flow cytometer 
(BD Biosciences) running FACSDiva software 
(BD Biosciences), and data were analyzed by 
using FlowJo (TreeStar). Unless otherwise in- 
dicated, mouse MAIT cells were gated as MR1 
tetramer* TCRB* TCRy5 CD3* CD90.2* CD45* 
(CD44* as well in tissues other than skin); NKT 
cells as CD1d tetramer* TCRB* TCRy& CD3* 
CD90.2* CD45*; CD4* T cells as CD4* CD8B- 
MRI tetramer” CD1d tetramer” TCRB* TCRyé~ 
CD3* CD90.2* CD45"; CD8* T cells as CD8p* 
CD4~ MRI tetramer” CDid tetramer” TCRB* 
TCRy& CD3* CD90.2* CD45"; and yé T cells as 
TCRy5* TCRB” CD3* CD90.2* CD45". 


Tetramer enrichment 


For the enrichment of MAIT cells, samples were 
stained with phycoerythrin (PE)-conjugated 
MRI tetramer, bound to anti-PE MicroBeads 
(Miltenyi Biotec), and enriched on an autoMACS 
Pro Separator (Miltenyi Biotec) using the 
POSSEL_S program. 


Confocal microscopy 


Ear pinnae were split with forceps, fixed in 1% 
paraformaldehyde (Electron Microscopy Sci- 
ences) overnight at 4°C, and blocked in PBS 
containing 1% bovine serum albumin (BSA) 
and 0.25% Triton X-100 for 2 hours at room 
temperature. Tissues were first stained with 
anti-CD4 (RM4-5, eBioscience), anti-CD8a (53- 
6.7, eBioscience), anti-CD49f (GoH3, eBioscience), 
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anti-GFP (A21311, Life Technologies), and anti- 
TCRB (H57-597, eBioscience) antibodies over- 
night at 4°C, washed three times with PBS, 
and then stained with DAPI (Sigma-Aldrich) 
overnight before being mounted with ProLong 
Gold (Invitrogen). Ear pinnae images were cap- 
tured on a Leica TCS SP8 confocal microscope 
equipped with HyD and PMT detectors and a 
40X oil objective (HC PL APO 40X/1.3 oil). 
Images were analyzed using Imaris (Bitplane). 


Wounding and epifluorescence microscopy of 
wound tissue 


Wounding and quantitation of wound healing 
were performed as previously described (67). 
Male mice in the telogen phase of the hair cycle 
were anesthetized with ketamine/ xylazine 
and their back skin was then shaved using a 
ChroMini Pro (Moser). A 6-mm biopsy punch 
was first used to partially perforate the skin 
and then iris scissors were used to cut the 
epidermis and dermis along the punch outline, 
resulting in a circular, full-thickness wound. 5 d 
after wounding, the skin tissue was excised and 
fixed in 4% paraformaldehyde for 4 hours at 
4°C, incubated overnight in 30% sucrose at 
4°C, embedded in OCT compound (Tissue-Tek), 
frozen on dry ice, and cryo-sectioned (20-um- 
thick sections). Sections were fixed in 4% 
paraformaldehyde for 10 min at room tem- 
perature, rinsed with PBS, permeabilized with 
0.1% Triton X-100 (Sigma) for 10 min, and 
blocked for 1 hour at room temperature in 
blocking buffer (2.5% normal goat serum, 
1% BSA, 0.3% Triton X-100 in PBS). Chicken 
anti-mouse Keratin 14 antibody (Poly9060, 
BioLegend) was diluted at 1:400 in blocking 
buffer containing rat gamma globulin and 
anti-CD16/32 and incubated overnight at 4°C. 
After washing with PBS, sections were stained 
with a polyclonal anti-chicken IgY-AlexaFluor647 
secondary antibody (Jackson ImmunoResearch) 
at a 1:800 dilution for 1 hour at room temper- 
ature, washed with PBS, stained with DAPI, 
washed with PBS, and mounted with ProLong 
Gold (Invitrogen). Wound images were captured 
with a Leica DMI 6000 widefield epifluorescence 
microscope equipped with a Leica DFC360X 
monochrome camera. Tiled and stitched images 
of wounds were collected using a 20X/0.4 NA 
dry objective. Images were analyzed using Imaris 
(Bitplane). 


16S rRNA gene sequencing and analysis 


Fecal DNA was purified using the MagAttract 
PowerMicrobiome DNA/RNA kit (Qiagen). Am- 
plification of the V4 hypervariable region of 
the bacterial 16S rRNA gene was performed 
using the 515f and 806r primers (515F: 5'- 
GTGCCAGCMGCCGCGGTAA-3’; 806R: 5'-GGA- 
CTACHVGGGTWTCTAAT-3’), followed by an 
additional PCR to append different barcodes to 
each sample. Amplicons were quantified using 
Kapa Library Quantification Complete Kit (ROX 
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Low) (Kapa Biosystems) and pooled at equimolar 
concentrations before being sequenced on a 
MiSeq (Illumina) using the v3 MiSeq Reagent 
kit (lumina). The DADA2 algorithm (74) was 
used to denoise raw 16S reads after primer trim- 
ming and to tabulate sequence variants. Read 
counts were converted to relative abundance 
and taxonomy was assigned to each sequence 
variant using the RDP Training Set 16. Se- 
quence variants were collapsed by family-level 
classifications, and families present in greater 
than 5% abundance in at least one time point 
were graphically represented, whereas remain- 
ing families were collapsed into the category 
“Other.” 


Bacterial whole-genome sequencing 


For the E. faecalis, K. oxytoca, L. johnsonit, 
L. murinus, and P. mirabilis isolates, DNA libraries 
were prepared by using the paired-ended Nextera 
DNA Flex Library Prep Kit (lumina). Sequenc- 
ing was performed on a NextSeq 500 (Illumina) 
using the High Output v2 Kit (I]umina). 


Assessing the presence of riboflavin 
synthesis genes 


Protein sequences of representative riboflavin 
biosynthesis genes were downloaded from 
GenBank: ribA (NP_764994), ribB (CDO12415), 
ribD (NP_764996), ribE (NP_764995), ribH 
(NP_764993), and pyrp2 (NP_764225). Iso- 
lates were either sequenced as described above 
or genomes were downloaded from Natio- 
nal Center for Biotechnology Information 
(NCBI): Candidatus Arthromitus (BioProject 
PRJDA67835), S. epidermidis NIHO5001 (Bio- 
Project PRJNA62391), S. epidermidis NIHLM061 
(BioProject PRJNA62355), and S. epidermidis 
NIHLM087 (BioProject PRJNA62349). For taxa 
that are generally present in the intestinal and 
skin microbiota, genomes of different strains 
were downloaded from NCBI: Corynebacteriaceae 
(txid 1653), Propionibacteriaceae (txid 31957), 
Staphylococcaceae (txid 90964), Streptococ- 
caceae (txid 1300), Bacteroidaceae (txid 815), 
Bifidobacteriaceae (txid 31953), Clostridiaceae 
(txid 31979), Enterobacteriaceae (txid 543), 
Enterococcaceae (txid 81852), Eubacteriaceae 
(txid 186806), Hungateiclostridiaceae (txid 
2304686), Lachnospiraceae (txid 186803), 
Lactobacillaceae (txid 33958), Peptococcaceae 
(txid 186807), Peptostreptococcaceae (txid 
186804), Ruminococcaceae (txid 541000), 
and Tannerellaceae (txid 2005525). These nu- 
cleotide scaffolds were used as subjects in a 
tBLASTn search using representative riboflavin 
biosynthesis genes, using an e-value <1x107"°, 
Alignments that met this threshold were con- 
sidered as homologs, and thus those genomes 
were considered to contain that gene. 


RNA-seq and analysis 


The following populations were isolated by 
means of fluorescence-activated cell sorting 
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(FACS) from the ear pinnae of C57BL/6NTac 
mice associated with S. epidermidis NIHLMO61 
and untreated control animals: MAIT cells 
(MR1 tetramer* TCRB* TCRy5 ~ CD90.2* 
CD45* DAPI) and CD4* T cells (CD4* CD25~ 
CD88 MRI tetramer’ TCR8* TCRy5 ~ CD90.2* 
CD45* DAPI"). RNA was isolated using the 
Arcturus PicoPure RNA Isolation Kit (Applied 
Biosystems), cDNA was synthesized using the 
SMART-Seq v4 Ultra Low Input RNA Kit 
(Clontech Laboratories), libraries were gen- 
erated using Nextera XT DNA Library Pre- 
paration Kit (Ilumina), and the samples were 
sequenced on a NextSeq 500 (Illumina) using 
the High Output v2 Kit (Illumina). Fastq files 
were mapped with STAR (75) to the mouse 
mm10 reference genome with default param- 
eters. For analysis, the Hypergeometric Opti- 
mization of Motif EnRichment (HOMER) 
program was used (76). Tag directories were 
created with default parameters. To analyze 
differential gene expression, reads per gene 
were counted for two replicates per condi- 
tion with analyzeRepeats rna with parameters 
-noadj and -condenseGenes. Subsequentially, 
getDiffExpression.pl was used with default 
parameters [log2 fold change 1, false discovery 
rate (FDR) < 5%] using DESeq2 and rlog nor- 
malization. For GO term enrichment analysis 
Metascape (77) was used. 


Single-cell RNA-seq and analysis 


Lymphocytes from the ear pinnae (skin), spleens, 
lungs, and livers of pooled WT mice were stained 
with antibodies against surface markers and 
TotalSeq-A hashtag oligonucleotide (HTO) 
antibodies (BioLegend; hashtag 1 for skin, 2 
for livers, 3 for lungs, and 4 for spleens). MATT 
cells were sorted from each organ as MR1 
tetramer’ TCRB* TCRy5 CD3* CD90.2* B220~ 
CD1Ib~ CDIle” CD49f CD45* (10,000 cells 
from skin, spleens, and lungs and 3500 cells 
from livers). Samples were pooled, encapsu- 
lated into droplets using the Chromium Single 
Cell Controller (OX Genomics), and libraries 
were prepared using Chromium Single Cell 3’ 
Reagent Kits v2 (OX Genomics). The mRNA 
library was prepared following the 10X Ge- 
nomics user guide, while the HTO library was 
prepared according to published guidelines 
(78). Libraries were sequenced on a NextSeq 
500 with 10% of the lane occupied by the HTO 
library and the other 90% by the mRNA library. 

Data was demultiplexed by using Cell Ranger 
3.0.1 resulting in data for 6463 cells. HTO libra- 
ries were processed by using CITE-seq-Count 
(DOI: 10.5281/zenodo.2590196). Subsequently, 
data was analyzed using Seurat 3.0 (79). Cells 
with less than 900 or more than 3000 gene 
counts, more than 5% mitochondrial contam- 
ination, or more than 10,000 RNA counts were 
filtered out, leaving 5678 cells for downstream 
analysis. Data was normalized, scaled, princi- 
pal components analysis was performed, and 
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neighbors were found using five dimensions. 
Uniform manifold approximation and projec- 
tion (UMAP) reduction was performed on this 
dataset with 10 dimensions. HTO were read in 
and assigned to the single cells and only sing- 
lets were used for further analysis leaving 585 
cells. To define origins of cells, number of HTOs 
per cluster were considered and classified as 
“Skin,” “Spleen/Lung/Liver,” or not assigned 
(“NA”). To analyze gene expression between 
tissues, all cells, including cells without HTO 
from the respective clusters were used. 


Statistical analysis 


Two-tailed unpaired Student’s ¢ test was per- 
formed by using Prism 7 (GraphPad) to deter- 
mine statistical significance. *P < 0.05, **P < 
0.01, ***P < 0.001, and ****P < 0.0001. “ns” de- 
notes that the comparison was not significant. 
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INTRODUCTION: Climate extremes create a need 
to mitigate the effects of drought on agricul- 
ture. The contributions of water to crop yield 
vary over a growing season but peak during 
reproductive development. Water banking strat- 
egies, which save soil water early in a growing 
season, reserve water for flowering and can 
increase yield under modest drought. Anti- 
transpirants based on mimics of the phyto- 
hormone abscisic acid (ABA), which controls 
stomatal aperture, are sought as next-generation 
agrochemicals for controlling water use and 
increasing yield during drought. 


RATIONALE: Information on the structure and 
function of ABA receptors has created opportu- 
nities for agrochemical development. Current 
lead molecules have low and short-lived bio- 


Virtual screen for oe acid receptor agonists 


CUO 28,747 nM 
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activity in some relevant crop species, including 
wheat, the world’s most widely grown staple 
crop. This liability is likely a consequence of 
incomplete activation of different ABA receptor 
subclasses. We reasoned that the idiosyncratic 
activity of these molecules was due, in part, to a 
lack of interaction between the agonist and a 
conserved lysine in ABA receptors that forms 
a salt bridge to ABA’s carboxylate. We per- 
formed virtual screening to identify candidate 
agonists that interact with this lysine. 


RESULTS: Two ABA receptor structures were 
used to screen against the ZINC database, a 
collection of commercially available ligands, 
using Glide docking protocols, requiring that 
hits interact with the conserved lysine. Candi- 
date agonists were obtained and tested for re- 
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Water savings and drought protection activity in crops. Virtual screening yielded a scaffold 3B4 whose 
potency was improved by ~1600-fold by scaffold merging, yielding 3CB. Structure-based optimization gave 
opabactin (OP). Thermodynamic profiling shows that OP binding to its targets PYR1 and HAB1 is enthalpically 
driven with about one-tenth the dissociation constant Ky of ABA. OP exhibits more potent and longer- 
lasting antitranspirant effects than existing sulfonamide-based ligands. 
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ceptor activation using in vitro assays. A family 
of substituted phenyl acetamido-cyclohexane 
carboxylic acid ABA receptor panagonists was 
identified. Scaffold merging was used to im- 
prove binding: We grafted an optimized head- 
group of an existing sulfonamide onto our 
phenyl acetamido-cyclohexane carboxylic acid 

scaffold to yield a chimeric 
ligand (3CB) that displayed 
Read the full article 42 improvement toward 
at http://dx.doi. target sites of up to three 
org/10.1126/ orders of magnitude. Anal- 
science.aaw8848 ysis of a 3CB-PYL1O crystal 
Peale odors tes seater siruchures duprested that 
addition of appropriately situated hydrophobes 
to 3CB might improve activity. A 3CB derivative 
was synthesized, yielding an agonist that we 
have named opabactin (OP) for overpowered 
ABA receptor activation. Thermodynamic char- 
acterization of 3CB or OP receptor binding 
reactions indicates that the newly generated 
scaffold’s improvements are enthalpically driv- 
en relative to sulfonamides, consistent with the 
salt bridge observed in our crystal structure. 
Biological studies show that OP is ~10-fold 
more active in inhibiting seed germination (a 
response driven by ABA) than ABA itself. Ex- 
periments in wheat, tomato, barley, Arabidopsis, 
and Commelina demonstrate bioactivity in 
vegetative tissues across diverse species. Time 
course experiments in wheat and tomato using 
thermal imaging show that OP induces a more 
sustained antitranspirant response than ABA, 
and they document poor activity of sulfona- 
mide agonists in those two species. To under- 
stand which receptors are necessary for OP 
action, we used Arabidopsis mutant strains 
to show that OP requires the subfamily III 
receptors PYR1, PYL1, and PYL2 for maximal 
activity. Thus, our virtual screening experi- 
ments yielded an ABA receptor agonist that 
functions as an antitranspirant. 


CONCLUSION: A newly generated ABA agonist 
scaffold was identified and optimized through 
a structure-guided approach. The chemical biol- 
ogy of ABA receptor agonists can be broadened 
by designing ligands that engage a conserved 
lysine residue in the binding pocket. This phar- 
macophoric feature results in a favorable enthalpic 
binding profile and lower dissociation constants 
than existing sulfonamide-based ligands. Our 
ABA agonist, opabactin, has activity in multiple 
monocots and eudicots and addresses the lim- 
itations of existing sulfonamide molecules being 
explored as tools for mitigating the effects of 
drought on crop yields. 
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Drought causes crop losses worldwide, and its impact is expected to increase as the world warms. This 
has motivated the development of small-molecule tools for mitigating the effects of drought on 
agriculture. We show here that current leads are limited by poor bioactivity in wheat, a widely grown staple 
crop, and in tomato. To address this limitation, we combined virtual screening, x-ray crystallography, 
and structure-guided design to develop opabactin (OP), an abscisic acid (ABA) mimic with up to an 
approximately sevenfold increase in receptor affinity relative to ABA and up to 10-fold greater activity in 
vivo. Studies in Arabidopsis thaliana reveal a role of the type Ill receptor PYRABACTIN RESISTANCE-LIKE 2 
for the antitranspirant efficacy of OP. Thus, virtual screening and structure-guided optimization yielded 
newly discovered agonists for manipulating crop abiotic stress tolerance and water use. 


ater flux from soil to atmosphere oc- 
curs primarily by its movement through 
plants (7). Water enters the plant body 
through roots and exits as vapor from 
leaf surface stomata, small pores formed 
by neighboring guard cells that open and close 
to regulate gas exchange. The accumulation 
of biomass by photosynthesis requires CO, 
to access inner leaf mesophyll cells through 
stomata, but this comes at the cost of H,O loss, 
which is driven by the difference in water va- 
por pressure between the inner leaf and atmo- 
sphere. Plants, therefore, face a trade-off between 
water use and growth. One consequence of this 
trade-off is that attempts to improve water use 
efficiency often come at the cost of reduced 
growth and yield (2). Conversely, studies of high- 
yielding wheat varieties have shown that they 
transpire more water than lower-yielding ones, 
and reduced water use efficiency has been pro- 
posed to be a consequence of selection for high 
grain yields in wheat (3, 4). 
It is, therefore, intrinsically challenging 
to create crops with both high yield and high 
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water use efficiency. Small molecules can, in 
principle, address this dilemma by coaxing 
high-yielding plant varieties with low water 
use efficiency into more water-efficient states 
on demand (5). This strategy would also en- 
able data streams from precision agriculture 
to be directed toward conserving limited water 
resources and responding to emergent adverse 
events. Moreover, given that ~11% of Earth’s 
surface is dedicated to crop production (6) 
(mostly nonirrigated), better tools for man- 
aging crop water use could have global effects 
on water usage and help to address the ~$29 
billion U.S. dollars in agricultural losses attri- 
buted to drought annually (7). 

The scope and global importance of water 
use efficiency is driving the development of 
next-generation agrochemicals for managing 
responses to drought (8-20). These efforts have 
focused primarily on small-molecule mimics of 
the phytohormone abscisic acid (ABA), which 
coordinates plant physiology, growth, and 
stress responses with water availability. ABA 
responses are mediated by a signaling module 
that involves soluble Pyrabactin Resistance 
1/PYRI-Like/Regulatory Component of ABA 
Receptor (PYL) ABA receptors, clade A type 
2C protein phosphatases (PP2Cs), and sub- 
family three SNF1-related kinases (SnRK2s) 
(21, 22). When ABA binds to its soluble recep- 
tors, PYLs, a conformational change enables 
the receptors to bind to PP2C active sites and 
inhibit phosphatase activity. This, in turn, 
leads to the accumulation of activated SnRK2 
kinases, which phosphorylate downstream 
factors and trigger physiological responses 
such as guard cell closure. This system is thus 
a target for both genetic and agrochemical 
control of drought tolerance. Overexpression 
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of ABA receptors can increase water use and 
photosynthetic efficiency in both Arabidopsis 
and wheat with negligible effects on growth 
in controlled environment studies (23, 24), 
such genetic interventions can complement 
chemical strategies because the two can be 
combined for improved effects (25). 

The most potent synthetic ABA receptor 
agonists to date are ABA analogs or molecules 
that share a core sulfonamide linkage related 
to quinabactin (78, 20, 26-30). Flowering plant 
ABA receptors cluster into three phylogenet- 
ically distinct subfamilies (37, 32). Genetic 
analyses in Arabidopsis have demonstrated 
that quinabactin and other sulfonamide ago- 
nists require subfamily IIIA receptors (PYR1 
and PYL1) to exert their antitranspirant effects 
(26, 33), but it is unclear whether activation 
of other ABA receptors, which in many angio- 
sperms exceed a dozen per genome, would 
enhance antitranspirant effects. Although 
quinabactin activates PYR1 with nanomolar 
potency, it shows reduced or negligible activ- 
ity on other receptors (26), including PYL4, one 
of the key receptors expressed in Arabidopsis 
guard cell microarray experiments (34, 35), a 
liability that could potentially limit efficacy. 
Upon investigating the effects of quinabactin 
and other sulfonamides in wheat and tomato, 
we observed low and short-lived bioactivity, 
which we speculated was the result of weak 
affinity for necessary targets. A structure-guided 
ligand discovery and optimization campaign led 
us to opabactin (OP), a potent agonist with 
activity in wheat and tomato. Genetic analyses 
show that PYR1, PYL1, and PYL2 are key target 
sites necessary for OP’s potent antitranspirant 
activity. 


Discovery of a nonsulfonamide ABA pan 
agonist scaffold by virtual screening 


In ABA/receptor cocrystal structures, ABA’s 
carboxylate forms a salt bridge with a con- 
served lysine (K59 in PYR1) that current sulfon- 
amide agonists are unable to form (33, 36-39) 
(Fig. 1A). We reasoned that the idiosyncratic 
activation of different ABA receptor types was 
due, in part, to lack of K59 engagement. We 
therefore used Glide docking protocols (40) to 
screen a collection of available ligands (4D for 
agonists that interact with K59. A subset of 
the predicted binders were tested for activity 
in vitro, using a pool of diverse recombinant 
ABA receptors (Arabidopsis PYL1, PYL2, PYLA, 
and PYL8, and maize PYL8). This process 
yielded 22 hits (half maximal inhibitory concen- 
tration, ICs59 < 25 uM) (Fig. 1B, fig. S1, and 
table S1), most of which could be clustered 
into three scaffolds: a group of sulfonamides 
reminiscent of pyrabactin and quinabactin, a 
family of substituted aminopropanediols, and 
a set of amino acid amide conjugates (Fig. 1B, 
fig. S1, and table S1). We focused optimiza- 
tion efforts on the amide scaffold because of its 
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Fig. 1. Virtual screening and scaffold merging enabled the design of over- 
powered ABA receptor agonists. (A) Structures of existing ABA receptor 
agonists; the gray box highlights the 4-cyano-3-cyclopropylpheny! head group 
used in our scaffold merging strategy. tABA, tetralone ABA; CB, cyanabactin; 
QB, quinabactin; R, radical. (B) Structures of representative hits (ICs59 < 25 uM) 
belonging to the different scaffolds identified; the yellow box highlights the 
amide scaffold that was merged with the cyanabactin headgroup. The complete 
ist of hits identified is provided in fig. Sl and table S1. (€) Binding modes of 
ABA and hit 3B4, as originally predicted by docking to PYR1; the figure illustrates 
that 3B4 lacks a hydrogen bond acceptor for the Trp-lock water with thin red 
ines representing hydrogen bonds from 2.7 to 3.1 A. (D) Hit discovery and 
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optimization. The ZINC collection of 18 million purchasable drug-like compounds 
was screened against PYR1 and PYL9 to identify candidate binders that interact 
with K59. Of the top 10,000 hits, 1700 were obtained and tested for activity in 
vitro. The best hit obtained, 3B4, lacked an H-bond acceptor for the Trp lock. 
We therefore installed the cyanabactin head group on the 3B4 amide scaffold. 

A subsequent structure of 3CB-PYL10 suggested that bioactivity could be 
improved through the addition of an additional hydrophobe to interact with the 
receptors’ 3’ tunnels, which yielded the agonist opabactin (OP). ICs59 values shown 
on the right (in red) are for the compounds tested against subfamily III receptor 
PYL2 (see Fig. 2 and fig. S2 for complete IC59 data). Synthetic schemes for the 
synthesis of 3CB and OP are provided in fig. S2. 


relatively high activity across the eleven 
Arabidopsis receptors tested (tables S1 and S2). 


Scaffold merging yields a potent 
panreceptor agonist 


The most active amide identified [the chem- 
ical in screening plate 3, well B4 (3B4)] displayed 
submicromolar ICs) values and apparent pan- 
receptor agonism (table $2). Our virtual screen- 
ing data predicted that its carboxylate could 
form a salt bridge to K59 but that it lacked a 
hydrogen bond acceptor needed to engage 
the tryptophan (Trp)-lock water, which inter- 
acts with ABA’s ring ketone and coordinates 
an H-bond network that stabilizes activated 
receptors (Fig. 1C) (42-44). In previous work, 
we showed that this function could be served 
by a nitrile in the designed ligand cyanabactin 
(Fig. 1A) (33). We hypothesized that a chimeric 
ligand possessing cyanabactin’s 4-cyano-3- 
cyclopropylphenyl headgroup grafted onto 
the 3B4 amide scaffold would improve bind- 
ing affinity by providing simultaneous inter- 
actions with K59 and the Trp lock, essentially 
adopting a “scaffold merging” approach that 
has been exploited in the design of heat shock 
protein 90 inhibitors (45) and strigolactone 
mimics (46). To test this, we synthesized and 
characterized the chimeric 3B4-cyanabactin 
hybrid compound 3CB (scheme shown in 
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fig. S2 and the materials and methods). We 
also synthesized AMF4 (ABA mimic 1 tetra- 
fluoro derivative), a quinabactin derivative 
and sulfonamide agonist with improved po- 
tency (25) and tetralone ABA (29, 30), an ABA 
derivative with increased potency, so that we 
could compare these other potent agonists to 
our chimeric ligand. 

Our synthesized chimeric ligand (3CB) dis- 
played an increase of up to three orders of 
magnitude in affinity for subfamily III recep- 
tors and low nanomolar pan agonist activity 
(Fig. 2A, fig. S3A, and table $2), validating 
the scaffold-merging strategy used. To estab- 
lish whether the agonist was active in mono- 
cots, which diverged from the eudicot lineage 
~200 million years ago and include the world’s 
major grain crops, we tested the sensitivity 
of wheat ABA receptors to 3CB using a panel 
of subgenome D ABA receptors and a native 
wheat PP2C (24). These data show that 3CB 
is a similarly potent pan agonist of wheat re- 
ceptors, unlike sulfonamide agonists (Fig. 2B, 
fig. S3B, and table S3). Moreover, we observe 
that the chimeric ligand is approximately two- 
fold more active than ABA in Arabidopsis seed 
germination assays, indicating adequate bio- 
availability (Fig. 2C and fig. S4). Collectively, 
these experiments demonstrate that the com- 
bined use of virtual screening and scaffold 
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merging enabled us to discover and optimize 
an agonist that binds multiple ABA receptors 
and is active in both eudicots and monocots. 


Structure-guided optimization of an 
overpowered agonist 


To understand the atomic basis of 3CB’s high 
activity, we cocrystallized it with the Arabidopsis 
subfamily I receptor PYL10, which was chosen 
because it expresses in Escherichia coli at high 
levels relative to other subfamily I receptors, 
and solved an x-ray crystal structure of a 
PYL107°-'°?:3CB complex using molecular 
replacement at a resolution of 2.4 A (table S4). 
The PYL10”°"'*?:3CB complex crystallized in 
the space group P3,21 and contained a single 
protomer in the asymmetric unit. Several 
rounds of structural refinement were carried 
out before modeling 3CB into the ligand- 
binding pocket’s unbiased electron density 
(fig. S5). A real-space correlation coefficient of 
0.95 calculated between the unbiased electron 
density and 3CB indicates agreement between 
the model and observed electron density. These 
data position 3CB in the PYL10 ligand-binding 
pocket with its carboxylate forming a salt 
bridge to K56 (homologous to PYR1’s K59), 
and its aryl ring oriented toward the gate and 
latch loops, mimicking ABA’s cyclohexenone 
ring and gem-dimethyl group (Fig. 3A). Direct 
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Fig. 2. 3CB and OP are best-in-class ABA receptor agonists. (A) Agonist 
potency against different Arabidopsis receptors, as measured using 
agonist/receptor-mediated inhibition of AN-HAB1 phosphatase activity 

(n = 3 replicates). A dash indicates that PP2C activity was >75% control at 50 uM 
test chemical (the highest concentration tested). The colored boxes indicate 

the subfamily membership of the receptors assayed. (B) Agonist potency against 
different wheat receptors, using indicated receptors and TaPP2C. A dash 
indicates that PP2C activity was >75% control at 10 uM test chemical (the 


polar contact between N163’s amide NH and 
3CB’s amide carbonyl, and two water-mediated 
contacts to E90 and F98 (Fig. 3A), additionally 
stabilize 3CB-PYL10 interactions. 3CB’s cyclo- 
hexyl ring packs against L159, V156, Y116, and 
1106, which line the C6 cleft, a small hydropho- 
bic pocket that normally interacts with ABA’s 
C6 methyl and is a ligand-binding hotspot (47). 

On the basis of our prior crystallographic 
analyses of a PYR1-cyanabactin complex (33), 
we anticipated that 3CB’s cyclopropyl sub- 
stituent might extend into the hydrophobic 3’ 
tunnel, which contacts ABA’s C7’ methyl (Fig. 
3B). Instead, our structure shows 3CB’s cyclo- 
propyl group oriented away from the 3’ tun- 
nel, packing against the gate and latch loops 
(Fig. 3A). The vacancy of the 3’ tunnel, there- 
fore, suggested that we might increase 3CB’s 
potency by adding hydrophobic substituents 
to interact with this pocket, a strategy used to 
improve other agonists (33, 48). To test this 
idea, we synthesized a dicyclopropyl 3CB ana- 
log, which we have named opabactin (OP) for 
overpowered ABA receptor activation (synthetic 
details are provided in fig. S2). We tested OP 
activity in vitro using a receptor-agonist N- 
terminal deletion of HAB1 (AN-HAB1) inhi- 
bition assay and observed that it activates 
Arabidopsis subfamily III receptors with po- 
tencies that are up to ~10-fold greater than 
ABA’s; in vivo, OP is ~10-fold more bioactive, 
as measured using Arabidopsis seed germi- 
nation assays (Fig. 2C), and induces an appro- 
ximately fivefold stronger effect than ABA on 
guard cells, as measured using a Commelina 
guard cell closure assay (fig. S6). Although ac- 
tivity against subfamily ITI receptors improved, 


activity against Arabidopsis subfamily I recep- 
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tors diminished (Fig. 2A). In contrast, we ob- 
served that OP activates the wheat subfamily I 
receptor TaPYL8 and is thus a pan agonist of 
the wheat ABA receptors tested (Fig. 2B). In- 
spection of sequence alignments reveals a single 
amino acid difference between Arabidopsis and 
wheat subfamily I ligand-binding pockets (a 
bulky leucine is replaced by a smaller valine 
in TaPYL8); moreover, this residue packs tightly 
against the location of the second cyclopropyl in 
OP and would cause steric clash in Arabidopsis 
receptors (Fig. 3, C and D). Yeast two-hybrid 
assays confirm that the leucine-to-valine pocket 
difference determines subfamily I sensitivity 
to OP (Fig. 3E). Thus, the 3CB-PYL10 cocrys- 
tal structure enabled us to increase its activity 
against subfamily III targets and yielded an 
agonist that is ~10-fold more potent than ABA 
in seeds. 


OP-PYR1 binding is enthalpically driven 


The 3CB carboxylate-K56 salt bridge is likely 
to improve binding affinity via an enthalpic 
contribution. To examine this, we conducted 
isothermal titration calorimetry (ITC) experi- 
ments comparing 3CB- and OP-PYR1 binding 
isotherms (Fig. 4A). Prior analyses (47) re- 
vealed an apparent dissociation constant (Kq) 
of 4.8 uM for quinabactin-PYR1 binding and 
indicated that quinabactin binding is entropy 
driven (change in enthalpy, AH = -2.8; change 
in entropy, -TAS = -4.7 kcal/mol) (Fig. 4A). In 
contrast, 3CB- and OP-PYR1 binding reactions 
are more enthalpic and of higher affinity rel- 
ative to quinabactin and cyanabactin (OP Kg = 
19 uM; quinabactin Kg = 4.8 uM) (Fig. 4A). 
The presence of the second cyclopropyl sub- 
stituent in OP relative to 3CB provides an ad- 


25 October 2019 


= | TaPYL8| 227 7 7 58 | 597 | 94 


Triticum: receptor / TaPP2C ICso (nM) 


254 + 43 


62+3 


highest concentration tested). We note that TaPYL9 is a pseudoreceptor 
with an atypical binding pocket. (©) OP shows an ~10-fold increase in 

in vivo potency relative to ABA. The potency of different agonists on 
Arabidopsis seed germination and their corresponding ICs59 values (concen- 
trations required to inhibit germination by 50%). Photographs were taken 

4 days post stratification (n = 6 replicates). The full-dose response curves 
used to infer ICs values for all three figure panels are shown in figs. S3 and 
S4 and tables S2 and S3. 


ditional -1.7 kcal/mol AH for PYR1 binding; 
this may indicate protein movement in response 
to ligand binding and/or be a consequence of 
van der Waals contacts, which in some sys- 
tems are sufficient to create exothermic bind- 
ing isotherms without conformational changes 
in protein structure (49-51). We additionally 
examined ligand-PYR1-HABI binding reactions, 
comparing ABA, quinabactin, and OP (Fig. 4B). 
These experiments show that OP’s Kg for PYR1- 
HABI binding is approximately one-seventh 
that of ABA (28 + 5 nM versus 201 + 14 nM). 
This increase in binding affinity translates into 
improved potency of OP in Arabidopsis seed 
germination assays described above (Fig. 2C). 
Collectively, our ITC data show that our newly 
identified amide scaffold provides more enthalpy- 
driven, higher-affinity binding than previous 
sulfonamides, a feature of many best-in-class 
ligands (52, 53). 


OP has antitranspirant activity and activates 
ABA signaling in vegetative tissues 


Our initial tests indicated that both 3CB and OP 
activate multiple ABA responses in Arabidopsis 
vegetative tissues (fig. S7) and demonstrate anti- 
transpirant activity in the grain crop barley 
(fig. S8). To investigate OP’s effects in other 
crop species, we treated tomato and wheat 
plants with different concentrations of ABA, 
quinabactin, AMF4, or OP and used thermal 
imaging to measure their effects on transpi- 
ration for up to 5 days after application (rela- 
tive to mock-treated controls). In both tomato 
and wheat, ABA’s effects on leaf temperature 
dissipate after 2 to 3 days, and sulfonamide 
agonist effects are no longer evident after 
48 hours (Fig. 5). In contrast, OP’s effects 
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Fig. 3. Structure of 3CB bound to PYL10. (A) Cocrystal structure of the 3’ tunnel that is variable between ABA receptors). (E) Genetic evidence that 
3CB bound to PYL10, dashes representing hydrogen bonds from 2.6 to sequence variation at the selectivity-determining residue (L159 in PYL10) 
3.3 A. (B) Differences in orientation of the cyclopropyl group present determines OP selectivity. V163 in PYR1 is homologous to L159 in PYL10. To test 


in the 3CB:PYL10 structure versus the CB:PYR1 structure (PDB ID 5UR5). the role of this residue in OP selectivity, wild-type PYR1, V1631, and V163L 
(C) Positioning of H111 and L159 in PYL1O relative to 3CB’s 3-cyclopropyl-4- were tested for interactions with HAB1 using an established yeast two-hybrid 


cyanobenzyl headgroup. This illustrates the site of predicted steric clash assay (chemicals tested at 25 uM); the bulkier leucine substitution corresponding 
that would occur between L159 and OP's C5 cyclopropyl substituent when bound _ to that present in Arabidopsis subfamily | receptors blocks OP action. Single- 
to Arabidopsis subfamily | receptors. (D) Sequence variation at the selectivity- letter abbreviations for the amino acid residues are as follows: E, Glu; F, Phe; 


determining residue (homologous to PYL10 L159), which is the only residue lining —_H, His; |, lle; K, Lys; L, Leu; N, Asn; V, Val. 
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fitted to an independent one-site binding model using NanoAnalyze software (TA Instruments, USA); n = 3 replicate experiments, standard deviations shown. The red 
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remained evident at 5 days (the latest time 
point for which we collected data) in both 
species (Fig. 5). This increased bioactivity is 
likely the result of a combination of improved 
persistence and target site potency; however, 
metabolic studies will be required to resolve 
this. Whatever the case, these data show that 
OP has longer-lasting effects relative to ABA 
and other agonists in wheat, a globally im- 
portant staple crop. 

We next examined OP’s effects on both 
ABA-induced transcriptional responses and 
drought tolerance in wheat. Using a progressive 
water stress regime, we observed that wheat 
seedlings treated with ABA, 3CB, and OP de- 
layed wilting under water stress and retained 
more chlorophyll than did mock-treated plants, 
indicating less stress-induced senescence in 
treated plants relative to mock-treated controls 
(Fig. 6, A and B). In contrast, quinabactin- 
treated plants were only modestly protected 
under the same conditions, consistent with the 
weak activity of sulfonamide agonists described 
above (Fig. 6) and results from direct receptor- 
based assays (Fig. 2B). Quantitative reverse 
transcription polymerase chain reaction (qRT- 
PCR) experiments of treated seedlings for 
three ABA-responsive genes also demonstrate 
that OP shows increased activity relative to 
ABA and quinabactin (Fig. 6, C to E). Col- 
lectively, these data show that OP’s high bind- 


ing affinity for ABA receptors (relative to ABA 
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and sulfonamides) translates into bioactiv- 
ities that exceed both ABA and sulfonamide 
agonists in planta. 


Subfamily Ill receptors are crucial for 
mediating the effects of OP in planta 


To examine the receptor dependence of OP’s 
action, we examined agonist-induced responses 
in wild-type or mutant strains lacking the ma- 
jor members of the different receptor subtypes. 
The effects of quinabactin and cyanabactin on 
Arabidopsis transpiration, germination, and 
gene expression are mediated primarily by the 
subfamily III receptors PYR1 and PYL1, which 
form a subclade within family III (33). To 
examine if this subclade similarly executes 
OP’s effects, we examined the sensitivity of 
wild type; pyr1,pyll (referred to as 0;1); pyrl, 
pyli,pyl2 (0;1;2, subfamily ID; pyl4,pyld (4;5, 
subfamily II); and pyl8,pyl9 (8;9, subfamily I) 
mutant strains to OP and other agonists. Both 
3CB and OP inhibit Arabidopsis seed germi- 
nation and seedling establishment, but the 
effects of OP are largely absent in the 0;1;2 
triple mutant strain, while those of 3CB are 
not (Fig. 7A). These genetic observations there- 
fore suggest that OP’s action on seeds is 
mediated by subfamily III receptors because 
OP-treated seeds germinate in the 0;7;2 mutant. 
As expected, quinabactin and AMF4 effects 
on seeds are absent in the 0;1 double mutant; 
however, OP retains bioactivity in the 0;7 mu- 
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tant, and its effects are only greatly reduced 
in the 0;1;2 triple mutant (Fig. 7A). This dem- 
onstrates that, in contrast to previously char- 
acterized sulfonamide agonists, PYL2 is 
additionally necessary for full OP action in 
seeds. Collectively these results further con- 
firm the importance of subfamily III receptors 
for sulfonamide agonist action and illuminate 
an added role for PYL2 in OP’s action. 

To determine whether the involvement of 
PYL2 in OP’s action also applies to vegetative 
responses, we examined OP’s effects on leaf 
temperature in wild type, 0;1, 0;1;2, and pyl2 
mutant seedlings. These experiments show 
that OP’s activity in leaf tissues can be greatly 
reduced in the 0;7;2 triple mutant but not the 
0;1 double mutant strain, paralleling our ob- 
servations in seeds (Fig. 7, B and C). Further- 
more, both ABA and OP inhibit primary root 
growth and greening in Arabidopsis seedlings 
in a dose-dependent manner, as expected, and 
OP’s effects in these growth assays can be 
greatly reduced in the 0;1;2 triple mutant 
(fig. S9). These genetic analyses demonstrate 
that PYL2, in addition to PYR1 and PYLI, isa 
cellular target that can be activated by syn- 
thetic agonists to manipulate plant transpira- 
tion and ABA responses. 


Discussion 


Synthetic ABA mimics are being investigated 
as tools for mitigating the impact of drought 
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Fig. 6. OP enhances drought tolerance and hyperactivates ABA transcriptional responses in wheat. 
(A) Effects of ABA receptor agonists in wheat. Two-week-old plants were sprayed with chemical solution 
containing 0.05% Tween-20 and 50 uM compounds. After 3 days of water deprivation, plants were 
rewatered, and stress recovery images were acquired after 12 hours. (B) Chlorophyll content of aerial parts 
of plants after water stress treatments was measured as described in the methods. (€ to E) Comparison 
of transcript levels for TaPP2C6, TaLea, and TaAOS induced by individual ligands in 7-day-old wheat seedlings 
after a treatment of 50 uM for 12 hours. Statistics were done using a one-way ANOVA and post-hoc 
Dunnett tests to obtain multiplicity adjusted P values for treatment effects relative to mock-treated controls, 
with n = 5 replicates for chlorophyll measurements and n = 4 replicates for qRT-PCR studies. Error bars 


indicate standard error of mean, individual P values a 


stress on crop yields. We used virtual screen- 
ing to identify ABA receptor agonists in distinct 
chemical scaffolds, one of which we modified 
using scaffold merging to create 3CB and 
subsequently opabactin, a molecule with high 
bioactivity and receptor binding affinity. Our 
cocrystal structure of 3CB:PYLIO reveals a salt 
bridge to K56 and direct hydrogen bond of its 
amide to N163, features that likely contribute 
to the enthalpic binding isotherms observed, 
and the approximately sevenfold improvement 
in Kg relative to ABA. Prior sulfonamide ABA 
mimics do not benefit from the lysine salt 
bridge, and our work suggests that contacts 
to this residue are essential for high-affinity 
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e shown on the graph. n.s., nonsignificant. 


binding and pan agonism and should be con- 
sidered in future ligand design and optimiza- 
tion. Because the sulfonamides in quinabactin, 
pyrabactin, CB, and AMF4 are positioned 
proximally to this lysine, it should be possible 
to generate contacts by lowering the pK, 
(where K, is the acid dissociation constant) 
of their sulfonamide NH by the installation 
of adjacent electron withdrawing groups, a 
strategy previously used to improve sulfon- 
amide dihydrofolate reductase and carbonic 
anhydrase inhibitors (54, 55). Thus, there are 
likely many routes to developing more-potent 
ABA receptor agonists, but our development 
of a new amide-based scaffold broadens the 
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current chemical space available for manipu- 
lating ABA receptor function. 

OP’s activity in Arabidopsis demonstrates 
that PYL2 contributes to OP’s effects on tran- 
spiration, in addition to PYR1 and PYL1. In 
contrast, the effects of sulfonamide agonists 
require primarily PYR1 and PYL1 (26, 33). We 
conclude, therefore, that PYL2 is a useful anti- 
transpirant target site in addition to PYR1 and 
PYL1; this further demonstrates the relevance 
of subfamily III receptors as targets for the 
development of synthetic antitranspirants 
but does not preclude the activation of other 
receptor types for antitranspirant activity. The 
development of agonists selective for different 
receptor subfamilies could help untangle the 
relative importance of each subfamily to tran- 
spiration. Additionally, because increases in 
both water use and photosynthetic efficiency 
have been observed by overexpressing sub- 
family II receptors (23, 24), selective agonists 
may provide access to the control of distinct 
water use-related traits not achievable by only 
activating subfamily II receptors. 

The triple mutant pyrl,pyll,pyl2 has a rel- 
atively modest phenotype. If subfamily III re- 
ceptors are such critical mediators of OP and 
sulfonamide effects on transpiration, why is 
their multilocus loss-of-function phenotype so 
mild? We do not yet have a complete answer 
to this question, but one possibility is that 
other receptors may compensate for the loss 
of subfamily ITI receptors, as has been observed 
by systematic analyses of yeast gene families, 
which show compensation by paralogs (56). 
Alternatively, it may be that the major effects 
of OP and sulfonamides require both sub- 
family II and subfamily III receptors to be 
present, i.e., different subfamily II receptors 
than we are currently able to test genetically 
(pyl4 and pyl5). Given that PYL4 and PYL5 
are the most highly expressed subfamily II 
ABA receptors, this seems unlikely, but future 
analyses of genetic strains lacking all members 
of each subfamily should help resolve this. 
Nonetheless, weighting a protein’s relevance as 
a target for manipulating a biological process 
on the basis of only genetic studies may be 
misleading because of compensation. Thus, 
chemical interrogation of wild-type systems 
provides a more direct route to assessing the 
relevance of a protein as a target. 

ABA has many effects on plant growth and 
development in addition to its roles in water 
relations, seed dormancy, and gene regulation. 
Although OP mimics ABA’s effects, further 
characterization will be required to establish 
which of ABA’s many responses are activated 
by OP. It will also be necessary to conduct 
toxicological assays and regulatory procedures 
before OP (or any agonist) is suited for agri- 
cultural purposes. ABA receptor overexpression 
can enable increases in water use efficiency 
without growth penalties in both Arabidopsis 
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Fig. 7. OP acts primarily through subfamily III receptors and demonstrates 
that PYL2 contributes to OP’s antitranspirant activity. (A) Effects of 
different ABA receptors agonists on seed germination in wild type and different 
receptor mutant lines. Chemical effects were tested at concentrations 
approximately two times their ICsq values (Fig. 2C) to normalize for differences 
in agonist potency (ABA, 1200 nM; QB, 1800 nM; AMF4, 1600 nM; 3CB, 440 nM; 
and OP, 120 nM). Photographs were taken after 4-day incubation under 


and wheat in controlled-environment studies 
(23, 24). The application of ABA—which, like 
OP, inhibits growth at high concentrations—to 
crops in the field improves yield under modest 
drought conditions (57-59), so the growth in- 
hibitory effects of ABA are not an intrinsic 
limitation to their other benefits. The value of 
chemical approaches is that they can be de- 
ployed on demand, whereas crop genetics cannot 
be changed dynamically in a growing season. 
It is likely that both genetics and chemistry 
will work together for maximal benefit and 
flexibility (25). OP is a new chemical tool for 
dynamically manipulating plant water use. 


Materials and methods summary 


Virtual screening of the ZINC collection, a 
database of commercially available chemical 
compounds, was carried out using Protein Data 
Bank (PDB) IDs for PYR1 (3K3K) and PYL9 
(3W9R) using Schrodinger’s Glide package. 
Top scoring 0.1% hits were redocked against 
PYRI1 to eliminate ligands not predicted to 
contact PYR1-K59. 1724 predicted agonists were 
purchased from Enamine (Ukraine) and tested at 
25 uM in a direct receptor activation assay using 
a pool of recombinant ABA receptors from the 
three major clades (PYL1, PYL2, PYLA, PYL8, and 
ZmPYL8). The pooled receptor assay measures 
agonist dependent receptor mediated inhibition 
of the protein phosphatase AN-HABI using a 
fluorogenic substrate (4-methylumbelliferyl 
phosphate). This process yielded 25 hits (ICs < 
25 uM), one of which (3B4) was optimized by 
chemical synthesis to yield 3CB, a pan agonist. 
After optimizing one of our hits, we obtained a 
cocrystal structure of the lead molecule 3CB 
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with the subfamily I ABA receptor PYL10. 
PYL107°!**:3CB crystals were grown in 33% 
tacsimate (pH 7.0) and flash frozen using per- 
fluoropolyether oil. Diffraction data was pro- 
cessed in HKL2000, refined in Phenix.refine 
and validated using MolProbity; the final model 
was deposited in PDB (ID 6NWC). We next 
synthesized OP, a derivative of 3CB. 3CB and OP 
were synthesized from methyl (4-cyanophenyl) 
acetate over five steps involving (i) palladium 
catalyzed ortho-halogenation of the nitrile, 
(ii) suzuki coupling with cyclopropyl boronic 
acid, (iii) base-catalyzed hydrolysis of the 
ester, (iv) EDCI/DMAP coupling to methyl 
1-aminocyclohexanoate, and (v) subsequent 
hydrolysis to yield OP (34 to 58% yield). The 
OP that we synthesized for this paper can be 
purchased from Kerafast (USA), a distributor 
of academic research reagents. The AMF4 
and tetralone ABA used in our studies were 
synthesized according to literature protocols, 
using chiral chromatography to purify the 
bioactive (+) isomer of tetralone ABA, as 
previously described. To directly measure 
agonist-receptor interactions, we conducted 
isothermal titration calorimetry (ITC) experi- 
ments using low-volume Nano ITC (TA Instru- 
ments, USA). To determine which residues 
in PYR1 mediate OP selectivity, we used an 
established yeast two-hybrid assay to analyze 
agonist responses in wild-type PYR1, PYRI- 
V163, and PYR1-V163L mutants. To measure 
bioactivity of the agonists in adult plants, 
chemicals were applied to plants as aerosols 
in a solution supplemented with the wetting 
agent Silwet-77; leaf temperatures were mea- 
sured by thermal imaging using a FLIR camera. 
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constant illumination. (B) Adult Col-O and different mutant lines were sprayed 
with 50 uM compounds and imaged by thermography 24 hours after treatment 
and (C) average leaf temperatures for each treatment were quantified. Statistics 
done using a one-way ANOVA and post-hoc Dunnett tests to obtain multiplicity 
adjusted P values for treatment effects relative to mock-treated controls (n = 8 
replicates). Error bars indicate standard error of mean. Individual P values for 
comparisons to mock-treated controls are shown on the graph. 


To profile Arabidopsis mutant responses to 
agonists, we used previously described recep- 
tor mutants and a newly constructed pyrl, 
pyli,pyl2 strain that we made by crossing a 
pyrl,pyll,pyl2,pyl4 quadruple mutant strain 
to wild type (Col-0) and isolating the desired 
genotype amongst F; plants. 
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Dissecting racial bias in an algorithm used to manage 


the health of populations 


Ziad Obermeyer'2*, Brian Powers, Christine Vogeli*, Sendhil Mullainathan®*+ 


Health systems rely on commercial prediction algorithms to identify and help patients with complex 
health needs. We show that a widely used algorithm, typical of this industry-wide approach and 
affecting millions of patients, exhibits significant racial bias: At a given risk score, Black patients 
are considerably sicker than White patients, as evidenced by signs of uncontrolled illnesses. 
Remedying this disparity would increase the percentage of Black patients receiving additional 

help from 17.7 to 46.5%. The bias arises because the algorithm predicts health care costs rather than 
illness, but unequal access to care means that we spend less money caring for Black patients than 
for White patients. Thus, despite health care cost appearing to be an effective proxy for health 

by some measures of predictive accuracy, large racial biases arise. We suggest that the choice of 
convenient, seemingly effective proxies for ground truth can be an important source of algorithmic 


bias in many contexts. 


here is growing concern that algorithms 

may reproduce racial and gender dis- 
parities via the people building them or 
through the data used to train them (J-3). 
Empirical work is increasingly lending 
support to these concerns. For example, job 
search ads for highly paid positions are less 
likely to be presented to women (4), searches 
for distinctively Black-sounding names are 
more likely to trigger ads for arrest records 
(5), and image searches for professions such 
as CEO produce fewer images of women (6). 
Facial recognition systems increasingly used 
in law enforcement perform worse on recog- 
nizing faces of women and Black individuals 
(7, 8), and natural language processing algo- 
rithms encode language in gendered ways (9). 
Empirical investigations of algorithmic bias, 
though, have been hindered by a key constraint: 
Algorithms deployed on large scales are typically 
proprietary, making it difficult for indepen- 
dent researchers to dissect them. Instead, re- 
searchers must work “from the outside,” often 
with great ingenuity, and resort to clever work- 
arounds such as audit studies. Such efforts can 
document disparities, but understanding how 
and why they arise—much less figuring out 
what to do about them—is difficult without 
greater access to the algorithms themselves. 
Our understanding of a mechanism therefore 
typically relies on theory or exercises with 
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researcher-created algorithms (10-13). With- 
out an algorithm’s training data, objective func- 
tion, and prediction methodology, we can only 
guess as to the actual mechanisms for the 
important algorithmic disparities that arise. 

In this study, we exploit a rich dataset that 
provides insight into a live, scaled algorithm 
deployed nationwide today. It is one of the 
largest and most typical examples of a class 
of commercial risk-prediction tools that, by 
industry estimates, are applied to roughly 
200 million people in the United States each 
year. Large health systems and payers rely on 
this algorithm to target patients for “high-risk 
care management” programs. These programs 
seek to improve the care of patients with 
complex health needs by providing additional 
resources, including greater attention from 
trained providers, to help ensure that care is 
well coordinated. Most health systems use 
these programs as the cornerstone of pop- 
ulation health management efforts, and they 
are widely considered effective at improving 
outcomes and satisfaction while reducing costs 
(14-17). Because the programs are themselves 
expensive—with costs going toward teams of 
dedicated nurses, extra primary care appoint- 
ment slots, and other scarce resources—health 
systems rely extensively on algorithms to iden- 
tify patients who will benefit the most (78, 19). 

Identifying patients who will derive the 
greatest benefit from these programs is a 
challenging causal inference problem that 
requires estimation of individual treatment ef- 
fects. To solve this problem, health systems 
make a key assumption: Those with the great- 
est care needs will benefit the most from the 
program. Under this assumption, the targeting 
problem becomes a pure prediction policy prob- 
lem (20). Developers then build algorithms 
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that rely on past data to build a predictor of 
future health care needs. 

Our dataset describes one such typical algo- 
rithm. It contains both the algorithm’s predic- 
tions as well as the data needed to understand 
its inner workings: that is, the underlying in- 
gredients used to form the algorithm (data, 
objective function, etc.) and links to a rich 
set of outcome data. Because we have the 
inputs, outputs, and eventual outcomes, our 
data allow us a rare opportunity to quantify 
racial disparities in algorithms and isolate the 
mechanisms by which they arise. It should be 
emphasized that this algorithm is not unique. 
Rather, it is emblematic of a generalized ap- 
proach to risk prediction in the health sec- 
tor, widely adopted by a range of for- and 
non-profit medical centers and governmental 
agencies (27). 

Our analysis has implications beyond what 
we learn about this particular algorithm. First, 
the specific problem solved by this algorithm 
has analogies in many other sectors: The pre- 
dicted risk of some future outcome (in our 
case, health care needs) is widely used to tar- 
get policy interventions under the assumption 
that the treatment effect is monotonic in that 
risk, and the methods used to build the algo- 
rithm are standard. Mechanisms of bias un- 
covered in this study likely operate elsewhere. 
Second, even beyond our particular finding, 
we hope that this exercise illustrates the im- 
portance, and the large opportunity, of study- 
ing algorithmic bias in health care, not just 
as a model system but also in its own right. By 
any standard—e.g., number of lives affected, 
life-and-death consequences of the decision— 
health is one of the most important and wide- 
spread social sectors in which algorithms are 
already used at scale today, unbeknownst 
to many. 


Data and analytic strategy 


Working with a large academic hospital, we 
identified all primary care patients enrolled 
in risk-based contracts from 2013 to 2015. Our 
primary interest was in studying differences 
between White and Black patients. We formed 
race categories by using hospital records, which 
are based on patient self-reporting. Any patient 
who identified as Black was considered to be 
Black for the purpose of this analysis. Of the 
remaining patients, those who self-identified 
as races other than White (e.g., Hispanic) were 
so considered (data on these patients are pre- 
sented in table S1 and fig. S1 in the supplemen- 
tary materials). We considered all remaining 
patients to be White. This approach allowed 
us to study one particular racial difference of 
social and historical interest between patients 
who self-identified as Black and patients who 
self-identified as White without another race 
or ethnicity; it has the disadvantage of not 
allowing for the study of intersectional racial 
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and ethnic identities. Our main sample thus 
consisted of (i) 6079 patients who self-identified 
as Black and (ii) 43,539 patients who self- 
identified as White without another race or 
ethnicity, whom we observed over 11,929 and 
88,080 patient-years, respectively (1 patient- 
year represents data collected for an indivi- 
dual patient in a calendar year). The sample 
was 71.2% enrolled in commercial insurance 
and 28.8% in Medicare; on average, 50.9 years 
old; and 63% female (Table 1). 

For these patients, we obtained algorith- 
mic risk scores generated for each patient- 
year. In the health system we studied, risk 
scores are generated for each patient during 
the enrollment period for the system’s care 
management program. Patients above the 
97th percentile are automatically identified 
for enrollment in the program. Those above 
the 55th percentile are referred to their pri- 
mary care physician, who is provided with 
contextual data about the patients and asked 
to consider whether they would benefit from 
program enrollment. 

Many existing metrics of algorithmic bias 
may apply to this scenario. Some definitions 
focus on calibration [i.e., whether the realized 
value of some variable of interest Y matches 
the risk score R (2, 22, 23)]; others on statis- 
tical parity of some decision D influenced by 
the algorithm (10); and still others on balance 
of average predictions, conditional on the real- 
ized outcome (22). Given this multiplicity and 
the growing recognition that not all condi- 
tions can be simultaneously satisfied (3, 10, 22), 
we focus on metrics most relevant to the real- 
world use of the algorithm, which are related 
to calibration bias [formally, comparing Blacks 
Band Whites W, E|Y|R, W| = E[Y|R, B] indi- 
cates the absence of bias (here, E is the ex- 
pectation operator)]. The algorithm’s stated 
goal is to predict complex health needs for the 
purpose of targeting an intervention that 
manages those needs. Thus, we compare the 
algorithmic risk score for patient 7 in year ¢ 
(R;,), formed on the basis of claims data Xj,¢¢1) 
from the prior year, to data on patients’ real- 
ized health H;;, assessing how well the algo- 
rithmic risk score is calibrated across race for 
health outcomes H;,;. We also ask how well the 
algorithm is calibrated for costs C;,;. 

To measure H, we link predictions to a wide 
range of outcomes in electronic health record 
data, including all diagnoses (in the form of 
International Classification of Diseases codes) 
as well as key quantitative laboratory studies 
and vital signs capturing the severity of chro- 
nic illnesses. To measure C, we link predictions 
to insurance claims data on utilization, includ- 
ing outpatient and emergency visits, hospital- 
izations, and health care costs. These data, and 
the rationale for the specific measures of H 
used in this study, are described in more detail 
in the supplementary materials. 
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Health disparities conditional on risk score 

We begin by calculating an overall measure of 
health status, the number of active chronic 
conditions [or “comorbidity score,” a metric 
used extensively in medical research (24) to 
provide a comprehensive view of a patient’s 
health (25)] by race, conditional on algorith- 
mic risk score. Fig. [A shows that, at the same 
level of algorithm-predicted risk, Blacks have 
significantly more illness burden than Whites. 
We can quantify these differences by choosing 
one point on the 2 axis that corresponds to 


a very-high-risk group (e.g., patients at the 
97th percentile of risk score, at which patients 
are auto-identified for program enrollment), 
where Blacks have 26.3% more chronic ill- 
nesses than Whites (4.8 versus 3.8 distinct 
conditions; P < 0.001). 

What do these prediction differences mean 
for patients? Algorithm scores are a key input 
to decisions about future enrollment in a care 
coordination program. So as we might expect, 
with less-healthy Blacks scored at similar risk 
scores to more-healthy Whites, we find evidence 


—S—S———— EEF 
Table 1. Descriptive statistics on our sample, by race. BP, blood pressure; LDL, low-density 


lipoprotein. 


n (patient-years) 


A 
H 
i 


Emergency visits 


81.8 18.2 


0.19 0.35 


75.5 757° 


40.7 


1.20 1.90 


0.08 


0.07 0.18 


0.07 


0.04 


0.03 


25 October 2019 


2 of 7 


RESEARCH | RESEARCH ARTICLE 


A 


Race 
-—@—- Black 


—?— white 


64 Referred for screen Defaulted into program 


Number of active chronic conditions 


Percentile of Algorithm Risk Score 


Fig. 1. Number of chronic illnesses versus algorithm-predicted risk, 
by race. (A) Mean number of chronic conditions by race, plotted against 


algorithm risk score. (B) Fraction of Black patients at or above a given risk 


score for the original algorithm (“original”) and for a simulated scenario 


0.55 T 
1 
1 x 
= f 
—— Original Defaulted into program 
0.507 — —x= = Simulated im 
if 
' 
a 
Referred for scr A 
0.454 eferred for screen 4, 
Y ead ' 
1 
aI 
! 
0.404 4. 1 
. ' 
+x H 
4 a 
8 , 
& 0.354 $F i 
S il ' 
S a i 
3 <* 
£ 0.304 XX ! 
xt 1 
xe  f 
1 
0.254 r a i 
td 1 
“x 
x x x HM aia ; 
x 
ie : 
x x 
0.207 me 
¥ 
' 
' 
0.154 1 
1 
! 
' 
I 
1 


T T T T T T T T T T 
55 60 65 70 75 80 85 90 95 99 


Percentile of Algorithm Risk Score 


replaced with less healthy Blacks below the threshold, until the marginal patient 
is equally healthy). The x symbols show risk percentiles by race; circles 
show risk deciles with 95% confidence intervals clustered by patient. The 
dashed vertical lines show the auto-identification threshold (the black 


that removes algorithmic bias (“simulated”: at each threshold of risk, defined 
at a given percentile on the x axis, healthier Whites above the threshold are 


of substantial disparities in program screening. 
We quantify this by simulating a counterfactual 
world with no gap in health conditional on 
risk. Specifically, at some risk threshold a, we 
identify the supramarginal White patient (7) 
with R; > a and compare this patient’s health 
to that of the inframarginal Black patient (7) 
with R; < o. If H; > H;, as measured by number 
of chronic medical conditions, we replace the 
(healthier, but supramarginal) White patient 
with the (sicker, but inframarginal) Black patient. 
We repeat this procedure until H; = Hj, to 
simulate an algorithm with no predictive gap 
between Blacks and Whites. Fig. IB shows the 
results: At all risk thresholds o above the 50th 
percentile, this procedure would increase the 
fraction of Black patients. For example, at o = 
97th percentile, among those auto-identified 
for the program, the fraction of Black patients 
would rise from 17.7 to 46.5%. 

We then turn to a more multidimensional pic- 
ture of the complexity and severity of patients’ 
health status, as measured by biomarkers that 
index the severity of the most common chro- 
nic illnesses in our sample (as shown in Table 1). 
This allows us to identify patients who might 
derive a great deal of benefit from care man- 
agement programs—e.g., patients with severe 
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diabetes who are at risk of catastrophic com- 
plications if they do not lower their blood sugar 
(8, 26). (The materials and methods section 
describes several experiments to rule out a large 
effect of the program on these health measures 
in year t; had there been such an effect, we 
could not easily use the measures to assess the 
accuracy of the algorithm’s predictions on health, 
because the program is allocated as a function 
of algorithm score.) Across all of these impor- 
tant markers of health needs—severity of diabe- 
tes, high blood pressure, renal failure, cholesterol, 
and anemia—we find that Blacks are substan- 
tially less healthy than Whites at any level of 
algorithm predictions, as shown in Fig. 2. Blacks 
have more-severe hypertension, diabetes, renal 
failure, and anemia, and higher cholesterol. 
The magnitudes of these differences are large: 
For example, differences in severity of hyper- 
tension (systolic pressure: 5.7 mmHg) and 
diabetes [glycated hemoglobin (HbAI1c): 0.6%] 
imply differences in all-cause mortality of 7.6% 
(27) and 30% (28), respectively, calculated using 
data from clinical trials and longitudinal studies. 


Mechanism of bias 


An unusual aspect of our dataset is that we 
observe the algorithm’s inputs and outputs 
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line, which denotes the 97th percentile) and the screening threshold (the gray 
line, which denotes the 55th percentile). 


as well as its objective function, providing us 
a unique window into the mechanisms by 
which bias arises. In our setting, the algorithm 
takes in a large set of raw insurance claims 
data X;,;_; (features) over the year ¢ — 1: demo- 
graphics (e.g., age, sex), insurance type, diag- 
nosis and procedure codes, medications, and 
detailed costs. Notably, the algorithm specifi- 
cally excludes race. 

The algorithm uses these data to predict Y;, 
(i.e., the label). In this instance, the algorithm 
takes total medical expenditures (for simplic- 
ity, we denote “costs” C;,) in year ¢ as the label. 
Thus, the algorithm’s prediction on health 
needs is, in fact, a prediction on health costs. 

As a first check on this potential mechanism 
of bias, we calculate the distribution of real- 
ized costs C versus predicted costs R. By this 
metric, one could call the algorithm unbiased. 
Fig. 3A shows that, at every level of algorithm- 
predicted risk, Blacks and Whites have (rough- 
ly) the same costs the following year. In other 
words, the algorithm’s predictions are well cal- 
ibrated across races. For example, at the med- 
ian risk score, Black patients had costs of $5147 
versus $4995 for Whites (U.S. dollars); in the 
top 5% of algorithm-predicted risk, costs were 
$35,541 for Blacks versus $34,059 for Whites. 
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Because these programs are used to target 
patients with high costs, these results are large- 
ly inconsistent with algorithmic bias, as mea- 
sured by calibration: Conditional on risk score, 
predictions do not favor Whites or Blacks any- 
where in the risk distribution. 

To summarize, we find substantial disparities 
in health conditional on risk but little disparity 
in costs. On the one hand, this is surprising: 
Health care costs and health needs are highly 
correlated, as sicker patients need and receive 
more care, on average. On the other hand, there 
are many opportunities for a wedge to creep in 
between needing health care and receiving 
health care—and crucially, we find that wedge 
to be correlated with race, as shown in Fig. 3B. 
At a given level of health (again measured by 
number of chronic illnesses), Blacks generate 
lower costs than Whites—on average, $1801 less 
per year, holding constant the number of chron- 
ic illnesses (or $1144 less, if we instead hold 
constant the specific individual illnesses that 
contribute to the sum). Table S2 also shows 
that Black patients generate very different 
kinds of costs: for example, fewer inpatient 
surgical and outpatient specialist costs, and 
more costs related to emergency visits and 
dialysis. These results suggest that the driv- 
ing force behind the bias we detect is that 
Black patients generate lesser medical ex- 
penses, conditional on health, even when we 
account for specific comorbidities. As a re- 
sult, accurate prediction of costs necessarily 
means being racially biased on health. 

How might these disparities in cost arise? 
The literature broadly suggests two main po- 
tential channels. First, poor patients face sub- 
stantial barriers to accessing health care, even 
when enrolled in insurance plans. Although 
the population we study is entirely insured, 
there are many other mechanisms by which 
poverty can lead to disparities in use of health 
care: geography and differential access to trans- 
portation, competing demands from jobs or 
child care, or knowledge of reasons to seek care 
(29-31). To the extent that race and socioeco- 
nomic status are correlated, these factors will 
differentially affect Black patients. Second, race 
could affect costs directly via several channels: 
direct (“taste-based”) discrimination, changes 
to the doctor-patient relationship, or others. A 
recent trial randomly assigned Black patients 
to a Black or White primary care provider and 
found significantly higher uptake of recom- 
mended preventive care when the provider was 
Black (32). This is perhaps the most rigorous 
demonstration of this effect, and it fits with a 
larger literature on potential mechanisms by 
which race can affect health care directly. For 
example, it has long been documented that 
Black patients have reduced trust in the health 
care system (33), a fact that some studies trace 
to the revelations of the Tuskegee study and 
other adverse experiences (34). A substantial 
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literature in psychology has documented phys- 
icians’ differential perceptions of Black patients, 
in terms of intelligence, affiliation (35), or pain 
tolerance (36). Thus, whether it is communi- 
cation, trust, or bias, something about the inter- 
actions of Black patients with the health care 
system itself leads to reduced use of health care. 
The collective effect of these many channels is 
to lower health spending substantially for Black 


Race 


A Hypertension: Fraction clinic visits with SBP >139 mmHg 


patients, conditional on need—a finding that has 
been appreciated for at least two decades (37). 


Problem formulation 


Our findings highlight the importance of the 
choice of the label on which the algorithm is 
trained. On the one hand, the algorithm man- 
ufacturer’s choice to predict future costs is rea- 


sonable: The program’s goal, at least in part, is 
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Fig. 2. Biomarkers of health versus 
algorithm-predicted risk, by race. (A to 
E) Racial differences in a range of biological 
measures of disease severity, conditional 

on algorithm risk score, for the most common 
diseases in the population studied. The x 
symbols show risk percentiles by race, except 
in (C) where they show risk ventiles; circles 
show risk quintiles with 95% confidence 
intervals clustered by patient. The y axis in 
(D) has been trimmed for readability, so the 
highest percentiles of values for Black patients 
are not shown. The dashed vertical lines 
show the auto-identification threshold (black 
line: 97th percentile) and the screening 
threshold (gray line: 55th percentile). 
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to reduce costs, and it stands to reason that 
patients with the greatest future costs could 
have the greatest benefit from the program. 
As noted in the supplementary materials, 
the manufacturer is not alone. Although the 
details of individual algorithms vary, the cost 
label reflects the industry-wide approach. For 
example, the Society of Actuaries’s compre- 
hensive evaluation of the 10 most widely 
used algorithms, including the particular al- 
gorithm we study, used cost prediction as its 
accuracy metric (27). As noted in the report, 
the enthusiasm for cost prediction is not 
restricted to industry: Similar algorithms are 
developed and used by non-profit hospitals, 
academic groups, and governmental agen- 
cies, and are often described in academic 
literature on targeting population health 
interventions (18, 19). 

On the other hand, future cost is by no 
means the only reasonable choice. For exam- 
ple, the evidence on care management prog- 
rams shows that they do not operate to reduce 
costs globally. Rather, these programs primar- 
ily work to prevent acute health decompensa- 
tions that lead to catastrophic health care 
utilization (indeed, they actually work to in- 
crease other categories of costs, such as pri- 
mary care and home health assistance; see 
table S2). Thus avoidable future costs, i.e., 
those related to emergency visits and hospi- 


talizations, could be a useful label to predict. 
Alternatively, rather than predicting costs 
at all, we could simply predict a measure of 
health; e.g., the number of active chronic health 
conditions. Because the program ultimately 
operates to improve the management of these 
conditions, patients with the most encoun- 
ters related to them could also be a promis- 
ing group on which to deploy preventative 
interventions. 

The dilemma of which label to choose re- 
lates to a growing literature on “problem formu- 
lation” in data science: the task of turning an 
often amorphous concept we wish to predict 
into a concrete variable that can be predicted 
in a given dataset (38). Problems in health 
seem particularly challenging: Health is, by 
nature, holistic and multidimensional, and 
there is no single, precise way to measure it. 
Health care costs, though well measured and 
readily available in insurance claims data, 
are also the result of a complex aggregation 
process with a number of distortions due to 
structural inequality, incentives, and ineffi- 
ciency. So although the choice of label is 
perhaps the single most important decision 
made in the development of a prediction al- 
gorithm, in our setting and in many others, 
there is often a confusingly large array of 
different options, each with its own profile 
of costs and benefits. 
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Experiments on label choice 

Through a series of experiments with our data- 
set, we can gain some insight into how label 
choice affects both predictive performance and 
racial bias. We develop three new predictive 
algorithms, all trained in the same way, to 
predict the following outcomes: total cost in 
year t (this tailors cost predictions to our own 
dataset rather than the national training set), 
avoidable cost in year t (due to emergency 
visits and hospitalizations), and health in year 
t (measured by the number of chronic condi- 
tions that flare up in that year). We train all 
models in a random % training set and show 
all results only from the % holdout set. Fur- 
thermore, as with the original algorithm, we 
exclude race from the feature set (more details 
are in the materials and methods). 

Table 2 shows the results of these experi- 
ments. The first finding is that all algorithms 
perform reasonably well for predicting not 
only the outcome on which they were trained 
but also the other outcomes: The concentra- 
tion of realized outcomes in those at or above 
the 97th percentile is notably similar for all 
algorithms across all outcomes. The largest 
difference in performance across algorithms 
is seen for cost prediction: Of all costs in the 
holdout set, the fraction generated by those 
at or above the 97th percentile is 16.5% for the 
cost predictor versus 12.1% for the predictor 
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Fig. 3. Costs versus algorithm-predicted risk, and costs versus health, by race. (A) Total medical expenditures by race, conditional on algorithm risk score. 
The dashed vertical lines show the auto-identification threshold (black line: 97th percentile) and the screening threshold (gray line: 55th percentile). (B) Total medical 
expenditures by race, conditional on number of chronic conditions. The x symbols show risk percentiles; circles show risk deciles with 95% confidence intervals 


clustered by patient. The y axis uses a log scale. 
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of chronic conditions. We then test for label 
choice bias, defined analogously to calibra- 
tion bias above: For two algorithms trained to 
predict Y and Y', and using a threshold t 
indexing a (similarly sized) high-risk group, 
we would test p[B|R > | = p[B|R' > 1 (here, 
p denotes probability and B represents Black 
patients). 

We find that the racial composition of this 
highest-risk group varies far more across algo- 
rithms: The fraction of Black patients at or 
above these risk levels ranges from 14.1% for 
the cost predictor to 26.7% for the predictor 
of chronic conditions. Thus, although there 
could be many reasonable choices of label— 
all predictions are highly correlated, and any 
could be justified as a measure of patients’ 
likely benefit from the program—they have 
markedly different implications in terms of 
bias, with nearly twofold variation in composi- 
tion of Black patients in the highest-risk groups. 


Relation to human judgment 


As noted above, the algorithm is not used for 
program enrollment decisions in isolation. 
Rather, it is used as a screening tool, in part 
to alert primary care doctors to high-risk 


patients. Specifically, for patients at or above 
a certain level of predicted risk (the 55th per- 
centile), doctors are presented with contex- 
tual information from patients’ electronic health 
records and insurance claims and are promp- 
ted to consider enrolling them in the prog- 
ram. Thus, realized enrollment decisions largely 
reflect how doctors respond to algorithmic 
predictions, along with other administrative 
factors related to eligibility (for instance, pri- 
mary care practice site, residence outside of 
a nursing home, and continual enrollment in 
an insurance plan). 

Table 3 shows statistics on those enrolled in 
the program, accounting for 1.3% of observa- 
tions in our sample: The enrolled individuals 
are 19.2% Black (versus 11.9% Black in our en- 
tire sample) and account for 2.9% of all costs 
and 3.3% of all active chronic conditions in the 
population as a whole. We then perform four 
counterfactual simulations to put these num- 
bers in context; naturally, these simulations 
use only observable factors, not the many un- 
observed administrative and human factors 
that also affect enrollment. First, we calculate 
the realized program enrollment rate within 
each percentile of the original algorithm’s pre- 


dicted risk bins and randomly sample patients 
in each bin for enrollment. This simulation, 
which mimics “race-blind” enrollment condi- 
tional on algorithm score, would yield an en- 
rolled population that is 18.3% Black (versus 
19.2% observed; P = 0.8348). Second, rather 
than randomly sampling, we sample those with 
the highest predicted number of active chronic 
conditions within a risk bin (using our ex- 
perimental algorithm described above); this 
would yield a population that is 26.9% Black. 
Finally, we compare this to simply assigning 
those with the highest predicted costs, or the 
highest number of active chronic conditions, 
to the program (also using our own algorithms 
detailed above), which would yield 17.2 and 
29.2% Black patients, respectively. Thus, al- 
though doctors do redress a small part of the 
algorithm’s bias, they do so far less than an 
algorithm trained on a different label. 


Discussion 


Bias attributable to label choice—the difference 
between some unobserved optimal prediction 
and the prediction of an algorithm trained on an 
observed label—is a useful framework through 
which to understand bias in algorithms, both 


Table 2. Performance of predictors trained on alternative labels. For each new algorithm, we show the label on which it was trained (rows) and the 
concentration of a given outcome of interest (columns) at or above the 97th percentile of predicted risk. We also show the fraction of Black patients 


in each group. 


Algorithm training Concentration in highest-risk patients (SE) 
label Total costs Avoidable costs Active chronic conditions 
Total costs 0.165 (0.003) 0.187 (0.003) 0.105 (0.002) 


Best-to-worst difference 


Fraction of Black patients in 
group with highest risk (SE) 


(0.003) 


Table 3. Doctors’ decisions versus algorithmic predictions. For those 
enrolled in the high-risk care management program (1.3% of our sample), 
we first show the fraction of the population that is Black, as well as 

the fraction of all costs and chronic conditions accounted for by these 
observations. We also show these quantities for four alternative program 
enrollment rules, which we simulate in our dataset (using the holdout 

set when we use our experimental predictors). We first calculate the program 


Population 


Observed program enrollment (1.3%) 0.192 


Fraction Black (SE) 


Fraction of all costs (SE) 
(0.001) 


(0.003) 0.029 


enrollment rate within each percentile bin of predicted risk from the original 
algorithm and either (i) randomly sample patients or (ii) sample those 

with the highest predicted number of active chronic conditions within a bin 
and assign them to the program. The resultant values are then compared 
with values obtained by simply assigning the aforementioned 1.3% of 

our sample with (iii) the highest predicted cost or (iv) the highest number 
of active chronic conditions to the program. 


Fraction of all active chronic conditions (SE) 
(0.001) 


es 


(0.003) 0.044 


(0.001) 
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in the health sector and further afield. This is 
because labels are often measured with errors 
that reflect structural inequalities (39). Within 
the health sector, using mortality or readmis- 
sion rates to measure hospital performance 
penalizes those serving poor or non-White pop- 
ulations (40, 41). Outside of the health arena, 
credit-scoring algorithms predict outcomes re- 
lated to income, thus incorporating disparities 
in employment and salary (2). Policing algo- 
rithms predict measured crime, which also re- 
flects increased scrutiny of some groups (42). 
Hiring algorithms predict employment deci- 
sions or supervisory ratings, which are affec- 
ted by race and gender biases (43). Even retail 
algorithms, which set pricing for goods at the 
national level, penalize poorer households, 
which are subjected to increased prices as a 
result (44). 

This mechanism of bias is particularly perni- 
cious because it can arise from reasonable 
choices: Using traditional metrics of overall 
prediction quality, cost seemed to be an effec- 
tive proxy for health yet still produced large 
biases. After completing the analyses described 
above, we contacted the algorithm manufac- 
turer for an initial discussion of our results. In 
response, the manufacturer independently rep- 
licated our analyses on its national dataset of 
3,695,943 commercially insured patients. This 
effort confirmed our results—by one measure 
of predictive bias calculated in their dataset, 
Black patients had 48,772 more active chronic 
conditions than White patients, conditional on 
risk score—illustrating how biases can indeed 
arise inadvertently. 

To resolve the issue, we began to experiment 
with solutions together. As a first step, we sug- 
gested using the existing model infrastructure— 
sample, predictors (excluding race, as before), 
training process, and so forth—but changing 
the label: Rather than future cost, we created 
an index variable that combined health pre- 
diction with cost prediction. This approach 
reduced the number of excess active chronic 
conditions in Blacks, conditional on risk score, 
to 7758, an 84% reduction in bias. Building on 
these results, we are establishing an ongoing 
(unpaid) collaboration to convert the results of 
Table 3 into a better, scaled predictor of multi- 
dimensional health measures, with the goal of 
rolling these improvements out in a future 
round of algorithm development. Of course, 
our experience may not be typical of all algo- 
rithm developers in this sector. But because 
the manufacturer of the algorithm we study is 
widely viewed as an industry leader in data 
and analytics, we are hopeful that this en- 
deavor will prompt other manufacturers to 
implement similar fixes. 

These results suggest that label biases are 
fixable. Changing the procedures by which 
we fit algorithms (for instance, by using a new 
statistical technique for decorrelating predic- 
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tors with race or other similar solutions) is 
not required. Rather, we must change the data 
we feed the algorithm—specifically, the labels 
we give it. Producing new labels requires deep 
understanding of the domain, the ability to 
identify and extract relevant data elements, 
and the capacity to iterate and experiment. 
But there is precedent for all of these func- 
tions in the literature and, more concretely, 
in the private companies that invest heavily 
in developing new and improved labels to 
predict factors such as consumer behavior 
(45). In addition, although health—as well 
as criminal justice, employment, and other 
socially important areas—presents substan- 
tial challenges to measurement, the impor- 
tance of these sectors emphasizes the value 
of investing in such research. Because labels 
are the key determinant of both predictive 
quality and predictive bias, careful choice 
can allow us to enjoy the benefits of algo- 
rithmic predictions while minimizing their 
risks. 
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Spatiotemporal expansion of primary progenitor 
zones in the developing human cerebellum 


Parthiv Haldipur’, Kimberly A. Aldinger’, Silvia Bernardo, Mei Deng°, Andrew E. Timms, 
Lynne M. Overman’, Conrad Winter’, Steven N. Lisgo*, Ferechte Razavi°, Evelina Silvestri®, 
Lucia Manganaro“, Homa Adle-Biasette”®, Fabien Guilmiot®, Rosa Russo’°, Debora Kidron™, 
Patrick R. Hof'”, Dianne Gerrelli?, Susan J. Lindsay’, William B. Dobyns?®, lan A. Glass**, 


Paula Alexandre’, Kathleen J. Millen’?* 


We present histological and molecular analyses of the developing human cerebellum from 30 days after 
conception to 9 months after birth. Differences in developmental patterns between humans and mice 
include spatiotemporal expansion of both ventricular and rhombic lip primary progenitor zones to 
include subventricular zones containing basal progenitors. The human rhombic lip persists longer 
through cerebellar development than in the mouse and undergoes morphological changes to form a 
progenitor pool in the posterior lobule, which is not seen in other organisms, not even in the nonhuman 
primate the macaque. Disruptions in human rhombic lip development are associated with posterior 
cerebellar vermis hypoplasia and Dandy-Walker malformation. The presence of these species-specific 
neural progenitor populations refines our insight into human cerebellar developmental disorders. 


uman cerebellar birth defects are com- 
mon and often cause motor and cogni- 
tive disabilities, yet most knowledge of 
cerebellar development comes from mice. 
The mouse cerebellum shares many fea- 
tures of lamination, circuitry, neuronal mor- 
phology, and foliation with humans. However, 


CS12 CS19 CS23 
30d 46d 56d 10pcw 


igh. 
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A Rhombic lip 


Fig. 1. An outline of human cerebellar development. 


Hematoxylin and eosin (H&E)-stained midsagittal 
sections of the developing human cerebellum. The 


ventricular zone and the rhombic lip, the two main zones of neurogenesis, are marked with 
red and black arrowheads, respectively. Primary fissures (1°) and secondary fissures (2°) are 


noted with arrows. Scale bars: 100 um. 
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compared to the mouse cerebellum, the human 
cerebellum contains 80% of all brain neurons 
and has a750-fold larger surface area, increased 
neuronal numbers, altered neuronal subtype 
ratios, and increased folial complexity (1-3). 
Human cerebellar development begins by 
30 days after conception and is complete by 
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the end of postnatal year 2 (4, 5). Mouse cer- 
ebellar development is nearly complete by 
postnatal day 15 (P15), after just 19 gestational 
days. Although human development is pro- 
tracted, this alone is unlikely to explain spe- 
cies differences. Cerebral cortical neurogenesis 
differs between these species, with humans 
having large numbers of outer radial glia in 
an outer subventricular zone that drive human 
cortical expansion and gyrification (6, 7). Be- 
cause neuronal numbers in the cerebellum and 
cerebral cortex scale across evolution (8), we 
expected divergent cerebellar neurogenesis 
programs across species. 

Studies of human cerebellar development 
began before publication of photographic plates 
(9). Limited histological data are available from 
10 postconception weeks (PCW) through late 
gestation (4, 5, 10-12). Developmental neuro- 
imaging atlases have been compiled from in 
utero magnetic resonance imaging studies from 
gestational weeks (GW) 20 to 24 (i.e., 18 to 
22 PCW) but are of limited resolution (13). 
Major gaps in available human data correspond 
to essential cerebellar developmental epochs 
defined in model vertebrates. Here, we analyze 
human cerebellar development from 30 days 
after conception to 9 months after birth (Fig. 1 and 
table S1), define the timing of developmental 
events, and provide insight into cellular and 
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molecular programs driving human cerebellar 
development. 


Spatiotemporal expansion of human cerebellar 
progenitor zones 


We surveyed morphology from human and 
mouse cerebellar sagittal vermis sections. 
Humans and mice both have two primary zones 
of neurogenesis: the ventricular zone (VZ) and 
the rhombic lip (RL) (Fig. 1 and fig. S1A). The VZ 
gives rise to all y-aminobutyric acid-releasing 


(GABAergic) populations, including Purkinje 
cells. The RL gives rise to all cerebellar gluta- 
matergic neurons. Cerebellar nuclei neurons 
are generated first, followed by granule cell 
progenitors of the external granule layer, which 
proliferate, differentiate, and migrate to become 
granule neurons of the internal granule layer. 
Unipolar brush cells arise last (74). The human 
cerebellar anlage between Carnegie stage 12 
(CS12) and CS23 (30 to 56 days) resembles the 
mouse cerebellar anlage in size and shape, from 
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Fig. 2. The human cerebellar VZ is expanded into a SVZ. Midsagittal sections 
of the human embryonic cerebellum stained with KI67 (A to G) and SOX2 (D), 
reveal VZ expansion. (H) B-IIl Tubulin (TUJ1) and (1) CTIP1 expression suggest 


embryonic day 10.5 (E10.5) to E17.5 (Fig. 1 and 
fig. SLA). However, the mouse VZ thins between 
E10.5 and E15.5 (fig. S1, B to G), and the RL 
disappears by birth (E19/PO0) (fig. S1A). The 
human embryonic RL is small, but the human 
VZ thickens through 10 PCW. After 10 PCW, 
the VZ thins and the RL expands into an elon- 
gated tail-like structure. Between 11 and 13 PCW, 
the elongated RL thickens, continuing to trail 
from the growing posterior vermis. Between 
13 and 14 PCW, the RL incorporates into the 
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in the proportion of cerebellar basal progenitors [(J) and (K), red arrowheads] is seen 
between the human and mouse cerebellum, and between CS18 and CS23 (Chi-square, 
df: 132.5, 2; P < 0.0001). (N) DiO labeling of VZ and SVZ progenitors at CS22 


that neuronal differentiation takes place in the SVZ beginning around CS19. (G) shows radial glial fibers traversing the thickness of the cerebellum. Sections were 


External granule layer (EGL) first appears at 8 PCW. (J to L) Mitosis and mitotic radial 
glia are observed in both the VZ and SVZ as evidenced by phosphohistone H3 (PH3) 


SVZ, and pia are marked wi 


counterstained using 4',6-diamidino-2-phenylindole (DAPI). The boundaries of the VZ, 
ith green and black bars along the right side of the images 


(J) and phospho-vimentin (pVIM) [(K) and (L)] expression. (M) A significant increase and with dotted lines within the images, respectively. Scale bars: 100 um. 
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Fig. 3. The human cerebellar rhombic lip expresses classic markers. VZ-born Purkinje cells expressing CTIP1 (A and C) and calbindin (B) migrate around the RL 
(red arrowhead). The RL expresses classic markers such as (D) PAX6, (E) WLS, (F) TBR2, and (G) LMX1A. (H) ATOHI is expressed by cells exiting the RL into the external 


granule layer (white arrowhead). Sections were counterstained with DAPI [(A) to (F)] and fast green [(G) and (H) 


posterior lobule where it forms a densely packed 
pool of cells evident as late as 36 PCW (Fig. 1). 

The mouse external granule layer is evident 
by E12.5, with granule cell progenitor prolifer- 
ation driving postnatal cerebellar and foliation 
expansion (15, 16). We detect initial external 
granule layer (EGL) formation in the human 
cerebellum at 8 PCW (Fig. 2G), with primary 
and secondary fissure initiation apparent at 
ll and 13 PCW, respectively. Between 17 PCW 
and birth (~36 PCW) there is an approximately 
fivefold increase in human cerebellar volume 
and folial complexity (17, 18). Peak proliferation 
in the human external granule layer occurs 
during the period between 26 and 32 PCW (10). 


The human cerebellum has a SVZ with 
basal progenitors 


At CS12, the human cerebellar VZ resembles 
the E12.5 mouse VZ which displays a single 
zone of SOX2* K167* progenitor cells spanning 
most of the anlage (Fig. 2A and fig. S1, B and F). 
By CS14, an emerging SVZ is evident (Fig. 2B). By 
CS18 and CS19, differentiating (TUJI*CTIP1*) 
neurons increase cerebellar anlage size (Fig. 2, 
Hand I). Increased differentiation in the outer 
SVZ diminishes SVZ size between CS21 and CS23 
(Fig. 2, Eand F). By the end of embryogenesis, 
at 8 PCW, only a residual VZ remains (Fig. 2G). 

The expanded proliferative zone in the em- 
bryonic human cerebellum resembles the SVZ 
in the developing mouse and human cerebral 
cortex (19). The mouse cerebellar VZ does 
not have a SVZ. Instead, ventricular radial glial 
progenitors extend processes across the nascent 
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anlage from the ventricular (apical) to the pial 
(basal) surface and undergo mitosis only at 
the ventricle (Fig. 2, M and N, and fig. S1, Lto 
Q). In the human cerebellum, mitotic phospho- 
histone H3* (PH3") progenitors are found within 
the VZ and SVZ, indicating the presence of basal 
progenitors, which we call cerebellar basal pro- 
genitors [Fig. 2, J and K (red arrowheads), and 
M]. Progenitors in both zones exhibit long 
radial processes which span the anlage thick- 
ness (Fig. 2N) and express mitotic radial glial 
marker phospho-vimentin (Fig. 2K). We see a 
significant expansion of cerebellar basal pro- 
genitors throughout the SVZ between CS18 and 
CS23 (Fig. 2M), a time point coinciding with 
increased differentiation, suggesting they could 
function as additional neurogenic progenitors. 


The human cerebellar RL is long-lived 
and compartmentalized 


Species differences in progenitor zone devel- 
opment are not restricted to the cerebellar VZ. 
We also identified differences in RL morphol- 
ogy, finding substructure in humans, including 
a split into ventricular (RL) and subventric- 
ular zones (RLS), as well as internalization 
(Fig. 3 and fig. S3, A to G). The mouse RL is a 
proliferative, transient, dorsal stem cell zone, 
present between E12.5 and E17.5 and com- 
posed entirely of KI67* and SOX2* stem cells 
lacking morphological compartmentalization 
(fig. S2, A to E). Although it is 5 to 8 cell layers 
thick, progenitor mitosis (PH3* and phospho- 
vimentin") is confined to the single layer of cells 
lining the ventricle (fig. S2, G to L). In contrast, the 
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. Scale bars: 100 um (white) and 500 um (blue). 


human RL and its remnants are seen through- 
out gestation and display a more complex pro- 
liferation profile (figs. S3, A to G, and S5C). 

The human RL excludes VZ-derived GABAergic 
neurons, expresses classic RL markers, and 
is proliferative even when embedded in the 
posterior-most lobule of the cerebellum (Figs. 
3, Ato H, and 4B; and fig. S3, A to K). The 
human embryonic RL, similar to that of the 
mouse, consists of KI67" and SOX2* cells (Fig. 4, 
B and C, CS18; and fig. $2, A to F). However, 
after 10 PCW, the human RL splits into a SOX2* 
and KI67-rich RLY” (Fig. 4, B and C, red aste- 
risk) and a KI67-rich, SOX2-sparse RL” (Fig. 
4, B and C, yellow asterisk). The two RL pro- 
genitor zones are separated by a vasculature 
bed, discernible by 11 PCW (fig. S5, A and B, 
arrows). Cells in the RLS” apparently migrate 
into the external granule layer (Fig. 4, B and C; 
and fig. S3, H and I, white arrowheads). 

Radial glial mitosis in the early human RL 
is confined to cells lining the ventricle (Fig. 4, 
D and E, CS18), much like in the mouse (fig. 
$2, G to L). However, after the split of the RL, 
mitotic progenitors with radial glia-like morpho- 
logy (PH3*, phospho-vimentin") are detected 
in both the RLY” and RLS”” (Fig. 4, D and E, 
13 PCW). Dil and lentiviral labeling reveal 
diverse morphologies of RL basal progenitors 
including uni-, bi-, and multipolar cells with 
radially and tangentially oriented processes 
(Fig. 4, A and F). 

Although the mouse RL lacks structural com- 
partmentalization, it is molecularly compart- 


mentalized. An interior Wntless (WLS*) and 
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Fig. 4. The human cerebellar RL is compartmentalized into ventricular and subventricular zones. 
(A) Illustration of the cerebellar regions studied in this figure. The RL (red arrowhead) is expanded into 
ventricular (RLY, red asterisk) and subventricular zones (RLSY~, yellow asterisk). (B) KI67 expression 
reveals extensive proliferation in the RL. (C) The RL is compartmentalized into a SOX2-rich RLY” and 
SOX2-sparse RLY”. (D) Phosphohistone-H3 and phospho-vimentin expression indicate the presence of 
mitotic ventricular and subventricular-basal progenitors. (E) The proportion of basal progenitors 
increases significantly after the splitting of the RL (Chi-square, df: 137.8, 2; P < 0.0001). (F) Dil and 
lentiviral labeling of an organotypic slice of the human cerebellum reveal diverse morphologies of RL 
ventricular and basal progenitors. Scale bars: 100 um (white) and 50 um (yellow). 


LMX1A* compartment is continuous with the 
VZ and an exterior compartment links to the 
external granule layer (ATOHI"). A gradient of 
PAX6* expression exists across the mouse RL, 
with strongest expression in the exterior com- 
partment. The core of the mouse RL is com- 
posed of proliferating LMX1A* progenitors 
destined to become posterior vermis granule 
cell progenitors and unipolar brush cells. Early 
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specified and differentiating unipolar brush 
cells in the core also express TBR2 (20, 21). 
In humans, WLS expression is also largely 
restricted to RLY” cells, although scattered ex- 
pression was seen in RL*” cells (Fig. 3E and 
fig. S4, A to C). LM-X7A is expressed throughout 
the embryonic RL (fig. $4D), in both the RLY” 
and RLS“ at later stages (Fig. 3G and fig. S4, E 
and F). LMX1A is also expressed in RL-derived 
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cerebellar nuclear and unipolar brush cell pop- 
ulations streaming into the cerebellar core, as 
well as the choroid plexus epithelium (fig. S4E). 
Asharp boundary between LMX1IA and ATOHI 
in RL exiting granule cell progenitors define 
the anterior limit of the RL (Fig. 3, G and H, 
and fig. S4, D to J). The posterior limit of the 
human RL is defined by LMX1A* MKI67~ 
choroid plexus cells (fig. S4, D, G, and H). PAX6 
expression is predominant in the RL, al- 
though there is also extensive expression in the 
RLS“ with up-regulation in nascent external 
granule layer cells streaming from the RLSY” 
(Fig. 3D and fig. S4, K to M). TBR2 is expressed 
throughout the RLS” with a few scattered, pre- 
sumably nascent unipolar brush cells, in both 
the external and internal granule layer (Fig. 3F 
and fig. S4, N to P). 


Human RL progenitors share some similarities 
with mice 


To provide an unbiased analysis of the mole- 
cular programs encoded by human RL progeni- 
tors, we profiled the human RL transcriptome 
using bulk sequencing from laser-capture micro- 
dissected RLY“ and RLSY” (data S1 to $4). 
Principal component analysis indicated age as 
the first principal component, explaining 56% 
of the variance (Fig. 5A). Differential expression 
analysis between RLY” and RLS” identified 
alterations in 622 genes (logs fold change > 1.5 
and Benjamini-Hochberg adjusted P < 0.05). 
The 374 genes up-regulated in RLY” included 
CRYAB, SOX2, and WLS, and the 248 genes 
up-regulated in the RLS” included EOMES 
(Fig. 5B and data S2). We evaluated pathway 
enrichment of the up-regulated genes and found 
RLY genes were enriched in HIPPO and WNT 
signaling (Fig. 5C and data $3). RLSY” genes 
were enriched in axon guidance and synaptic 
vesicle cycling (data S4). Several known mouse 
marker genes for RL and early RL derivates 
showed similar expression profiles in our sam- 
ples (22) (fig. S3L). We next compared genes 
with significant differential expression between 
the RLY” and RLS” to mouse gene sets iden- 
tified in the RL and RL-related cells in recent 
single cell analyses of the developing mouse 
cerebellum (23, 24). Whereas roof plate-like 
stem cell genes and a subset of mouse RL genes 
were differentially expressed in the RLY, genes 
expressed in mouse RL, unipolar brush cell, 
and granule cell progenitors were seen through- 
out the RL. Unipolar brush cell genes were 
highly expressed in the RLSY“, indicating that 
it is likely a reservoir for nascent human uni- 
polar brush cells, in addition to other gluta- 
matergic lineages (Fig. 5, D to G, and fig. S3M). 
Our analyses validate our hypothesis that the 
spatiotemporally expanded structure in the pos- 
terior vermis is indeed the RL, and similarities 
in gene expression patterns exist between the 
mouse and human RL notwithstanding differ- 
ences in structure. 
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Fig. 5. RNA-seq of human RL compartments. (A) Principal component (PC) analysis indicates that the 
largest source of variation among the RNA sequencing (RNA-seq) samples was age, accounting for 56% of 
the variance in the data. Samples microdissected from RLS” are blue and those from RLY are red. The 
numbers beside each circle represent sample age (PCW, postconception weeks). (B) Volcano plot illustrating 
differential expression of genes in RLY” versus RLSY”. Red and blue dots represent genes expressed 
significantly higher in RLY or RLSY“, respectively. (C to G) Heatmaps of gene expression for each human 
sample. Samples are grouped by RLY” (red) and RLSY” (blue), then by ascending age (9 to 22 PCW). 
Expression of (C) Hippo pathway genes and [(D) to (G)] top genes for RL-related cell clusters identified 

by single-cell RNA-seq of the mouse cerebellum from E10 to P14 (23, 24). 
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RL spatiotemporal expansion may be 

a human-specific feature 

The developing human and nonhuman pri- 
mate cerebral cortices share an expanded SVZ 
relative to mice (25, 26). Because the brain 
weight-to-neuron number ratio does not differ 
significantly among primates, we expected 
nonhuman primates to share elaborated cere- 
bellar progenitor zones (27, 28). We analyzed 
midsagittal sections of the developing cerebella 
of rhesus macaque (Macaca mulatta; 164-day 
gestation). The macaque RL at E48 resembles 
the embryonic CS23 RL in humans (fig. S6, A 
and M). However, as foliation initiates, the 
macaque RL regresses in a manner similar to 
the mouse RL and unlike humans (fig. S6, B 
and C). By mid to late gestation (E78 to E133), 
there is no evidence of RL expansion or mor- 
phological compartmentation (fig. S6, D to L). 
This suggests that spatiotemporal expansion 
of the RL may be specific to humans. 


The internalized RL generates the 
posterior vermis 


Human cerebellar volume increases fivefold be- 
tween 22 PCW and birth, and it becomes highly 
foliated during the third trimester (24 to 40 GW) 
(7, 18). Granule cell progenitor proliferation 
peaks during this period, accompanied by in- 
creased external granule layer thickness (5, 10). 
In mice, cerebellar growth and foliation are 
driven by granule cell progenitor proliferation 
between P1 and P14, with deficient prolifera- 
tion causing external granule layer thinning, 
reduced foliation, and reduced cerebellar vol- 
ume (15, 16). Disproportionate reduction in 
posterior vermis volume is a feature of many 
human cerebellar birth defects, including Dandy- 
Walker malformation and cerebellar vermis 
hypoplasia (29). Mouse models have indicated 
that RL disruption in the form of precocious 
differentiation or aberrant migration of pro- 
genitors is central to posterior vermis hypopla- 
sia (30-32). In mice and humans, 10 cardinal 
lobules are grouped together into anterior, 
central, and posterior lobes of the vermis de- 
fined by the primary and secondary fissure. In 
humans, all 10 lobules are first identifiable be- 
tween 14 and 18 PCW. Development progresses 
from anterior to posterior, with the increase 
in posterior vermis size and folial complexity 
relative to the anterior cerebellum beginning 
only after 17 PCW (Fig. 6A). The RL and its 
vestiges are detectable in human cerebella until 
birth. The longevity of the internalized RL thus 
correlates with growth and foliation of the hu- 
man posterior vermis, a cerebellar region asso- 
ciated with human cognition (33). 

To determine whether RL abnormalities spe- 
cifically contribute to posterior vermis hypo- 
plasia in Dandy-Walker malformation and 
cerebellar vermis hypoplasia, we assessed 16 
archival samples aged 17 to 30 PCW (table S1). 
All show delay or failure of posterior vermis 
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Fig. 6. Internalized RL may be a feature specific to human cerebellar 
development. (A) Model for human cerebellar development indicates 

that growth of the posterior vermis correlates with spatiotemporal 

RL expansion. (B to G) Analysis of H&E-stained sagittal sections of the 
human cerebellum from cases diagnosed with Dandy-Walker malformation 
(DWM) and cerebellar vermis hypoplasia (CVH) indicates that RL is absent in 


growth. Most show only a partially formed 
posterior-most lobule (37). Although overall 
decreased external granule layer proliferation 
may contribute to this phenotype, peak ex- 
ternal granule layer proliferation only begins 
around 26 PCW (26 to 32 PCW), and hypopla- 
sia of the posterior vermis is evident earlier 
(Fig. 6, B to H, and fig. $7, A to P) (30, 31, 34). 
Indeed, Dandy-Walker malformation and cere- 
bellar vermis hypoplasia are routinely diag- 
nosed in utero around 17 PCW (35). The RLis 
absent in half of our cases and delayed (not 
internalized) or reduced in size and cellularity 
in the others (Fig. 6H). Among cerebella lack- 
ing a RL, ~62% are older than 21 PCW, when 
the human RL is normally still present. We 
conclude that whereas the early RL (<13 PCW) 
contributes granule cell progenitors to the ex- 
ternal granule layer which later proliferate to 
drive expansion of the anterior cerebellum, the 
older, internalized RL (>14 PCW) generates 
granule cell progenitors required to fully elabo- 
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rate the posterior vermis during mid and late 
gestation. 

Preterm brain injury is associated with cere- 
bellar abnormalities (36, 37). We find RLY” and 
RL‘Y” are separated by a vascular bed begin- 
ning at 11 PCW, when the RL itself is elongated 
and perhaps more vulnerable to insult. Vascu- 
lar insults causing RL structural damage from 
13 to 14 PCW onward likely contribute to these 
neurodevelopmental abnormalities. Thus, al- 
though mouse studies were essential to spot- 
light a role for the RL in human Dandy-Walker 
malformation, the underlying pathological 
mechanisms can likely never be fully modeled 
in mice that lack complex RL anatomy. Simi- 
larly, our discovery of previously undescribed 
progenitor populations and the longevity of 
the RL in the human cerebellum suggest that 
mouse models of the cells of origin for some 
groups of medulloblastoma, a cerebellar tumor, 
may also be inadequate (38). Our studies under- 
line the urgency of further comparative cellular 
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RL Absent 

RL Delayed 

RL Present 
(internalized) 


50% of cases [(B) and (C)] and is severely diminished in the remaining 
cases [(D) to (G)]. The anterior (a), central (c), and posterior (p) lobes 
are indicated in gray, blue, and red, respectively. Colored arrowheads 
correspond to the colored features in (H). (H) Pie chart representing 

the absence of RL in 50% of tested samples. Scale bars: 100 um (black), 
0.5 mm (blue), and 1 mm (red). 


and molecular analyses of human and mouse 
cerebellar development to better define the 
value and limitations of mouse genetic models 
of human neurodevelopmental disorders. 
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Palmitoylation of NOD1 and NOD2 is required for 


bacterial sensing 


Yan Lu**, Yuping Zheng’, Etienne Coyaud?*, Chao Zhang*>*, Apiraam Selvabaskaran®, Yuyun Yu?, 
Zizhen Xu’, Xialian Weng", Ji Shun Chen’, Ying Meng’, Neil Warner’, Xiawei Cheng®, Yangyang Liu®, 
Bingpeng Yao’°, Hu Hu, Zonping Xia", Aleixo M. Muise’, Amira Klip’?, John H. Brumell”?°, 
Stephen E. Girardin®, Songmin Ying?°, Gregory D. Fairn?+, Brian Raught?"++, 


Qiming Sun*}, Dante Neculai*+ 


The nucleotide oligomerization domain (NOD)-like receptors 1 and 2 (NOD1/2) are 
intracellular pattern-recognition proteins that activate immune signaling pathways in response 
to peptidoglycans associated with microorganisms. Recruitment to bacteria-containing 
endosomes and other intracellular membranes is required for NOD1/2 signaling, and NOD1/2 
mutations that disrupt membrane localization are associated with inflammatory bowel 
disease and other inflammatory conditions. However, little is known about this recruitment 
process. We found that NOD1/2 S-palmitoylation is required for membrane recruitment and 
immune signaling. ZDHHC5 was identified as the palmitoyltransferase responsible for this 
critical posttranslational modification, and several disease-associated mutations in NOD2 
were found to be associated with defective S-palmitoylation. Thus, ZDHHC5-mediated 
S-palmitoylation of NOD1/2 is critical for their ability to respond to peptidoglycans and to 


mount an effective immune response. 


he cytosolic pattern recognition recep- 

tors (PRRs) nucleotide oligomerization 

domain 1 (NOD1) and NOD2 play crucial 

roles in host defense and survival, primarily 

by conferring responsiveness to cytosolic 
bacterial peptidoglycans [y-p-glutamyl-meso- 
diaminopimelic acid GGE-DAP) and muramyl 
dipetide (MDP)] shed by bacteria during in- 
fection (J, 2). Dysregulation of NOD1/2 function 
leads to severe immunologic and inflammatory 
diseases such as Crohn’s disease (CD) and Blau 
syndrome (J, 2). A NOD2 variant (3020insC 
frameshift mutation that leads to a truncated 
NOD2 protein) is implicated in the patho- 
genesis of CD (3, 4). Although soluble in the 
cytosol, NOD1/2 associate with the plasma 
membrane (PM) and endosomal compartments 
(5-8) for the surveillance of bacterial cell wall 
components and promote activation of the nu- 
clear factor «B (NF-«B) and mitogen-activated 
protein kinase MAPK) signaling pathways from 
endosomal membranes by means of the RIP2 
kinase (9). Although fully competent to bind 
MDP (0), membrane association is not observed 
in the NOD2°°?°"'° variant, suggesting that 
membrane localization of NOD1/2 is essential 


for their function (6). Lacking recognizable 
membrane-targeting domains (17), NOD1/2 
have been suggested to be anchored to mem- 
branes indirectly, through cytoskeletal compo- 
nents or membrane-bound proteins (12-16) 
or to endosomes by endosomal proteins 
such as SLC15A3 (6). However, these models 
do not fully explain the rapid redistribution 
of NODs from plasmalemma to endosomal 
compartments in response to bacterial inva- 
sion (17). 

Soluble proteins can be targeted to cellular 
membrane structures by lipidation (18). Palmi- 
toylation, unlike farnesylation or geranylger- 
anylation, does not require a consensus motif 
in target proteins and is widely implicated in 
the regulation of protein localization, traffick- 
ing, and stability (78-20). S-palmitoylation, 
catalyzed by the ZDHHC domain-containing 
protein acyl-transferases (PATs) (27), also plays 
important roles in immune responses (22). 


NOD1 and NOD2 are S-palmitoylated 


Treatment with 2-bromopalmitate (2BP), an 
inhibitor of the ZDHHC PATs (21, 23), effected 
the redistribution of green fluorescent protein 


(GFP)-NOD1 and GFP-NOD2 from plasma- 
lemmal and endosomal membranes (Fig. 1A 
and fig. S1A) to the cytosol in RAW264.7, HCTI6 
(Fig. 1B), and human embryonic kidney (HEK) 
293 cells (fig. SIB), mimicking the pheno- 
type reported for the CD mutant protein 
NOD22°"S (Fig. 1C and fig. SIC) (6). To quan- 
tify the effect of 2BP on NOD1/2 PM localization, 
we used the split superfolder GFP (sfGFP) 
system combined with dual-color flow cytom- 
etry (24). Bicistronic plasmids were created 
that coexpress seven copies of GFP11 tethered 
to the plasmalemma by the transmembrane 
domain of the PDGF receptor (HA-TM??¢F. 
GFP11,7) and the GFP1-10 fragment alone (as 
control) or fused to NOD1 or NOD2 at their 
N termini. Robust reconstituted GFP fluores- 
cence (GFP.omp) was observed at the PM of 
293 cells (fig. S1, D and E). 2BP treatment 
reduced the PM localization of NOD1/2 that 
prevented the formation of functional GFP to 
levels comparable with that of controls (Fig. 1, 
D and E). The subcellular distribution of en- 
dogenous NODI (fig. SIF) in primary mouse 
bone marrow-derived macrophages (™BMDMs) 
(Fig. 1F) and primary human monocyte-derived 
macrophages (RMDMs) (fig. SIG) was similarly 
altered by 2BP treatment (Fig. 1G and fig. S1H). 
2BP treatment of primary mBMDMs (Fig. 1H 
and fig. S11 or the colorectal epithelial cell line 
HCT116 (fig. S1, J and K) also substantially re- 
duced the levels of endogenous NOD! (fig. S1, 
Land M) or NOD2 (fig. SI, N and O) associated 
with the insoluble membrane fraction but did 
not affect total NOD1/2 protein levels (Fig. 1H 
and fig. S1, I to K). By contrast, the subcellular 
distribution of NOD1/2 was not affected by 
inhibition of farnesyltransferase or geranyltrans- 
ferase activity by using FTI-276 or GGTI-2133, 
respectively (fig. S1P). 

To examine NOD1/2 palmitoylation, we per- 
formed an acyl-biotin exchange (ABE) assay 
(25). Ectopically expressed NOD1/2 were ac- 
ylated (Fig. 1D, and their acylation levels were 
reduced by more than 75% upon treatment 
with 2BP (Fig. 1, J and K). Loss of signal upon 
omission of hydroxylamine (HAM) treatment 
demonstrated that NOD1/2 incorporate palmi- 
tate through a thioester linkage (Fig. 11). Meta- 
bolic incorporation of the bioorthogonal fatty 
acid analog 17-octadecynoic acid (17-ODYA) (fig. 
SIR) was also monitored with click chemistry 
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conjugation and fluorescent detection (Fig. 1, 
Land M) (26). 

2BP impaired downstream signaling triggered 
by the PRRs, as indicated by reduced NF-«B 
activity in RAW267.4 and HCT116 cells treated 


A GFP-NOD1 GFP-NOD2 D 


with the iE-DAP analog C12-iE-DAP or MDP 
(Fig. 1, N and O, and fig. S1, S and T). These 
results agree with the ability of 2BP to impair 
the release of cytokines in C12-iE-DAP- and 
MDP-stimulated mBMDMs (fig. S1, U and V) 


(6). Furthermore, treatment with cerulenin (23), 
a drug that inhibits S-palmitoylation, yielded 
similar levels of NF-kB phospho-p65 and 
phospho-p38 inhibition (fig. S1, W and X) in 
RAW264.7 cells. Together, these data indicate 
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Fig. 1. NOD1/2 S-palmitoylation is required for membrane association and 
agonist-triggered signaling. (A and B) Fluorescence microscopy of RAW264.7 
and HCT116 cells expressing GFP-NOD1 or GFP-NOD2 in the presence of (A) 
dimethyl! sulfoxide (DMSO) or (B) 50 uM 2BP. (C) Fluorescence microscopy of 
RAW264.7 cells expressing the GFP-NOD2 CD variant 3020insC. (D and E) 
Plasmalemmal GFP-fragment complementation assay (GFPoomp fluorescence) for 
(D) NOD1 and (E) NOD2. (F and G) Endogenous NOD1 [green; 4',6-diamidino-2- 
phenylindole (DAPI) in blue] in mouse BMDM treated with (F) DMSO or (G) 2BP. 
(H) Total, cytosolic, and membrane fractions of BMDM pretreated with DMSO or 
2BP (100 uM) were immunoblotted with antibodies directed against NOD1, NOD2, 
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a cytosol marker (LDHA), or a PM (CD11b) marker. (I) S-palmitoylation levels of 
flag-NOD1/2 expressed in HEK293T cells in the presence of HAM or 2BP 

(100 uM). (J and K) Quantification of the 2BP treatment effect on (J) NOD1 and (K) 
NOD2 S-palmitoylation of immunoblots as in (I). (L and M) Covalent attachment 
of 17-ODYA to (L) flag-NOD1 or (M) flag-NOD2 expressed in HEK293T cells. 

(N and O) p65 and p38 phosphorylation levels in response to C12-iE-DAP- (250 ng mI”) 
or MDP (500 ng mI?) in RAW264.7 cells. Data in (H), (I), (N), and (0) are 
representative of three independent experiments, and data in (D), (E), and (J) to (M) 
represent the mean + SEM of triplicate samples. ns, not significant; **P < 0.01, ***P < 
0.001, ****P < 0.0001, Student's t test; AU, arbitrary units. Scale bars, 5 um. 
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that NOD1/2 are palmitoylated and that this 
posttranslational modification is required for 
optimal sensing of bacterial peptidoglycans 
and activation of NF-«B signaling. 


Multiple cysteine residues in NOD1/2 
are S-acylated 


On the basis of evolutionary conservation, the 
crystal structure of the Oryctolagus cuniculus 
NOD2 protein (PDB:5IRL), and the loss of func- 
tion in the NOD2“°* truncation mutant pro- 
tein, we created a series of NOD1 and NOD2 
Cys to Ser mutants (NOD1°*"S, NoD1°"S, 
Nop1°678, NOD1°228567.9528, NOD2955, 
NoD25, and NOD2@%35) (fig. $2, A 
and B), and their S-palmitoylation levels were 
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characterized by using confocal microscopy 
and ABE assays. Similar to that observed for 
the CD variant NOD2°°7°"’° (Fig. 1C and fig. 
SIC), all of these single- or multiple-cysteine 
GFP-NOD1/2 mutants displayed cytosolic 
localization in HEK293 cells and RAW264.7 
macrophages (Fig. 2A and fig. S2, C to E) and 
decreased palmitoylation levels (Fig. 2, B and 
C, and fig. S2, F and G). Palmitoylation of the 
NOD1 triple mutant NODI@8*°"9S (Fig. 2, B 
and C) and the NOD2 double-Cys mutant 
NOD2@9>:193S (fig, $2, F and G) was further 
reduced by more than 50% as compared with 
the single NOD1/2 Cys to Ser mutants. The 
lack of S-palmitoylation did not affect the 
stability of the mutant proteins (fig. S2H). Sim- 
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ilar to that observed in 2BP-treated RAW264.7 
and HCT116 cells expressing wild-type (WT) 
NOD1/2 (Fig. 1H and fig. S1, M to O), the 
NOD 107282879528 and NoOD2629:10338 variant 
proteins were depleted from the membrane 
fraction in untreated HCT116 cells (Fig. 2D 
and fig. S21) and displayed reduced recon- 
stituted GFP fluorescence (Fig. 2E and fig. S2J) 
and impaired agonist-induced NF-« B-dependent 
luciferase activity (Fig. 2F and fig. $2, K to M). 

To demonstrate that membrane recruit- 
ment of NOD1/2 is required for activation 
of the NF-«B pathway, we made use of an 
S-palmitoylation-dependent PM targeting se- 
quence of the neuronal growth cone protein 
GAP43 (amino acids 1 to 11, MLCCMRRTKQV; 
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Fig. 2. Multiple cysteine residues in NOD1 can be acylated. (A) Fluorescence 
microscopy of RAW264.7 cells expressing a GFP-tagged S-palmitoylation— 
deficient NOD1 mutant (NOD1°°°8°°7-9°2S)_ (B) Streptavidin blot detection of 
OD1 S-palmitoylation—deficient mutants. (C) Quantification of NOD1 S- 
palmitoylation—deficient mutants in (B). (D) Membrane fractions (or total lysate) 
of HCT116 cells expressing flag-WT or S-palmitoylation—deficient 
OD1°99*5579525 were immunoblotted for NOD1 or the PM marker E-cadherin. 
(E) Reconstituted plasmalemma-associated GFP comp fluorescence for 
OD1°99*.5679525. (F) HEK293T cells were transfected with an NF-«B reporter 
B-Gal-SV40 expression plasmid and NOD1 overexpression plasmids. Luciferase 
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assays were performed after stimulation with C12-iE- 


nuclear translocation in HCT116 cells transiently trans 


S-palmitoylation—deficient 


DAP (1 wg ml). (G) NF-«B 
ected with GFP-WT NODI, 


GFP-NOD1°°58:56752S gr GAP43 (amino acids 1 to 11) 


tagged GFP-NOD1°°89°7.2°S and stimulated with 500 ng ml C12-iE-DAP. Cells were 


stained with antibody to NF-«B p65 and DAPI. White as 
location in transfected cells. (H) Quantification of NF-«B 
to total NF-«B p65 (n = 30 cells for each condition). Da 


erisks indicate the nuclei 
nuclear translocation, relative 
a in (B) and (D) are 


representative of three independent experiments, and data in (C), (E), and (F) 


represent the mean + SE 
0.001, ****P < 0.0001, Student's t test. Scale bars, 5 u 


of triplicate samples. ns, not significant; **P < 0.01, ***P < 
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hereafter denoted GAP43°5) (27). Fluorescence 
microscopy of HCT116 cells expressing GFP- 
NODI, GFP-NOD10@°*°°7955, and GAP43?°- 
GFP-NOD1°°8979"°S revealed that the GAP43 
S-palmitoylation motif could rescue the local- 
ization of the S-palmitoylation-deficient NOD1 
mutant (Fig. 2G and fig. S2N, bottom) and 
induced the nuclear translocation of the 
NF-«B p65 (RelA) subunit (Fig. 2H and fig. 
S2N, bottom) and consequently induced NOD1 
agonist NF-«B-dependent luciferase activity 
(fig. S20). Thus, S-palmitoylation of NOD1/2 
is required for their proper membrane target- 
ing and the activation of immune signaling 
pathways. 


ZDHHCS5 is necessary for NOD1 and 
NOD2 S-palmitoylation 


BirA-tagged proteins were generated (fig. S3A) 
and used in a BioID screen (28) to identify 
NOD1- and NOD2-interacting proteins (tables 
S1 and S2). As expected, a number of plas- 
malemmal and endomembrane proteins were 
identified as high-confidence NOD1- and NOD2- 
proximity interactors (fig. S3, B and C). Membrane 
proteins and membrane-associated polypep- 
tides [as determined with Gene Ontology (GO) 
enrichment analysis: pantherdb.org GO:0016020] 
represented >85% (111 of 129) of the NOD1 and 
>80% (58 of 72) of the NOD2 high-confidence 
proximity interactors. Because NOD1/2 are 
membrane localized in the absence of agonists 
in 293 cells, the BioID screen was conducted in 
resting cells. Thus, known interactors of NOD1/2 
such as tumor necrosis factor (TNF) receptor- 
associated factor 2 (TRAF2) or RIP2 were not 
found in our dataset. Among the NOD1/2 high- 
confidence proximity interactors was ZDHHC5 
(fig. S3B) (19), a ubiquitously expressed integral 
membrane protein of the DHHC palmitoyl- 
transferase (PAT) family. Similar to the NODs 
themselves, ZDHHC5 also localized to the PM 
and vesicular structures (fig. S3D). We thus 
hypothesized that ZDHHC5 could form a tran- 
sient complex with NOD1/2. ZDHHC5 was de- 
tected in immunoprecipitates of both NOD1 and 
NOD2 (fig. S3, E and F), and NOD1/2 were de- 
tected in ZDHHC5 immunoprecipitates (fig. $3, 
Gand H). ZDHHC5 did not interact with NLRP3, 
showing a degree of specificity for its inter- 
action with NOD1/2 (fig. S31). GFP-NOD1 and 
mCherry-ZDHHC5 displayed strong colocal- 
ization in RAW264.7 and HEK293 cells (fig. S3, 
J and K), and endogenous NODI colocalized 
with ZDHHC5 in AMDMs (fig. S3L). By con- 
trast, GFP-NOD1 was largely cytosolic when co- 
expressed with a catalytically inactive ZDHHC5 
mutant, ZDHHC5“"S (27, 29) (fig. S3M). Similar 
results were obtained for GFP-NOD2 (fig. S3, 
N and O). 

Silencing the expression of ZDHHC5 in 
RAW264.7 cells by means of small interfering 
RNA (siRNA) [validated with quantitative poly- 
merase chain reaction (PCR)] (fig. S4A) or in 
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Fig. 3. The palmitoyl acyltransferase ZDHHC5 regulates NOD1 and NOD2 S-palmitoylation. 
(A) Representative images of GFP-NOD1 localization in RAW264.7 cells transfected with (left) nonspecific 
scramble RNA or (right) siRNAs targeting mouse ZDHHCS. (B) NOD1 and NOD2 S-palmitoylation levels in WT 


and ZDHHC5 KO cells. (C and D) Densitometric ai 
and membrane fractions of BMDM cells from Lys 
immunoblotted with antibodies directed against 

CD11b. (F) Confocal microscopic analysis of BMD 


nalysis of immunoblots as in (B). (E) Total, cytosolic, 
-Cre/ZDHHC5"* and LysM-Cre/ZDHHC5"" mice were 

OD1/2, a cytosol marker (LDHA), and the PM marker 
cells derived from LysM-Cre/ZDHHC5*”* or LysM-Cre/ 
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ZDHHC5™" animals. Endogenous NODI, green; DAPI, blue. (G and H) Effect of ZDHHC5 KO on C12-iE-DAP- 
induced (250 ng ml") or MDP-induced (500 ng mI”) p65 and p38 kinase phosphorylation in mouse 
BMDM cells from LysM-Cre/ZDHHC5** and LysM-Cre/ZDHHC5™" mice. Data in (B), (E), (G), and (H) are 
representative of three independent experiments, and data in (C) and (D) represent the mean + SEM of 
triplicate samples. ****P < 0.0001, Student's t test. Scale bars, 10 um. 
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Fig. 4. ZDHHC5-mediated S-palmitoylation is indispensable for NOD1/2 
recruitment to bacteria containing phagosomes. (A to F) Confocal microscopy of 
NOD1 and NOD2 in Salmonella-infected HEK293 cells. Cells transiently transfected 
with [(A) and (C)] GFP-NOD1, [(B) and (D)] GFP-NOD2, or [(C) and (D)] shZDHHC5:: 
tagBFP (shown in the blue inset) and [(A) to (D)] infected with red fluorescent 
protein (RFP)-expressing S. typhimurium. [(E) and (F)] Confocal microscopy of 


Salmonella-infected HEK293 cells transiently expressing the indicated (E) 
S-palmitoylation deficient GFP-NODlor (F) GFP-NOD2 mutants. Colocalization of 
NOD1/2 and S. typhimurium was described by the Pearson's correlation coefficient 
(PCC). (G and H) Confocal microscopy of Salmonella-infected ZDHHC5-deficient 
(LysM-Cre/ZDHHC5"") or WT (LysM-Cre/ZDHHC5”*) BMDMs immunostained with 
a-NODI antibody (green). Scale bars, 10 wm and (insets) 5 um. 


HEK293 cells with a short hairpin RNA (shRNA) 
(fig. S4B) rendered NOD1/2 largely cytosolic 
(Fig. 3A and fig. S4, C and D), resembling the 
distribution observed after 2BP treatment 
(Fig. 1B and fig. SIB). Expression of the shRNA 
targeting ZDHHC5 also caused profound de- 
fects in NOD1 and NOD2 palmitoylation (Fig. 
3, B to D), as assessed with the ABE assay. By 
contrast, the related PAT ZDHHC20 did not 
associate with NOD1/2 (fig. S5, A and B), and si- 
lencing of its expression did not affect NOD1/2 
S-palmitoylation (fig. $5, D to G). Silencing 
ZDHHC5 expression in RAW264.7 cells also 
abrogated C12-iE-DAP-induced NF-«B acti- 
vation as assessed with phospo-p65 and 
phospho-p38 immunoblotting (fig. S4E), sim- 
ilar to that observed in HEK293T cells (fig. S4, 
F and G). 
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A myeloid cell lineage-specific conditional 
ZDHHC5 knockout (KO) animal model was 
generated by crossing mice carrying a floxed- 
ZDHHC5 allele (ZDHHC5"“") with myelomono- 
cytic cell-specific Lysozyme M (LysM)-Cre 
Recombinase mice (fig. S4, H and I). Backcrossing 
of LysM-Cre/ZDHHC5"* mice led to homozy- 
gous ablation of ZDHHC5 in the mouse myeloid 
cell lineage (LysM-Cre/ZDHHCS"™™), Geno- 
typing by means of PCR confirmed the 
presence of LoxP and LysM-Cre in LysM- 
Cre/ZDHHC5!" mice (fig. $4J). Immunoblot 
analysis and immunofluorescence microscopy 
confirmed the depletion of ZDHHC5 protein 
expression in LysM-Cre/ZDHHC5/" BMDM 
(fig. S4, K and L). These mice exhibited no 
obvious phenotype under standard laboratory 
conditions. Cellular fractionation of WT and 


ZDHHC5 KO mBMDMSs confirmed that NOD1/2 
membrane association was substantially re- 
duced in the absence of ZDHHC5 (Fig. 3E 
and fig. S4M). In contrast to that observed in 
WT mice, endogenous NOD1 was predomi- 
nantly cytosolic in ZDHHC5 KO mBMDMs (Fig. 
3F), and ZDHHC5 KO mBMDMs displayed an 
impaired NOD1/2-dependent activation of 
NF-«B and p38 MAPK signaling in response 
to C12-iE-DAP (Fig. 3G) or MDP (Fig. 3H), de- 
spite similar NOD1/2 protein expression levels 
(Fig. 3E). 

NOD1/2 S-palmitoylation levels increased 
by more than twofold upon stimulation with 
C12-iE-DAP or MDP (fig. S6, A to C) and cor- 
related with additional recruitment of NOD1/2 
proteins to peripheral membranes (fig. S6, 
D to J). Thus, subcellular fractionation of 
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Fig. 5. ZDHHC5 is recruited to bacteria-containing phagosomes. (A) Confocal 
microscopy of RAW264.7 cells expressing mCherry-ZDHHC5 challenged 

with red blood cells labeled with Cy5-conjugated IgG (blue). (B) Confocal 
microscopy of wild-type (LysM-Cre/ZDHHC5*”*) and ZDHHC5-deficient (LysM- 
Cre/ZDHHC5"') BMDMs immunostained with o-ZDHHC5 antibody (green) and 
infected with RFP-S. typhimurium, as in Fig. 4G. (C) Western blot analysis of 
C12-iE-DAP-coated magnetic beads containing phagosomes isolated from 
ZDHHC5-deficient (LysM-Cre/ZDHHC5™") or WT (LysM-Cre/ZDHHC5**) 
BMDMs, respectively. (D) Western blot analysis of MDP-coated 


HCTI116 cells and primary mBMDMs stim- 
ulated under similar conditions yielded similar 
results (fig. S6, D to J). This agonist-mediated 
increase in S-palmitoylation was dependent 
on ZDHHC5 because cells failed to respond 
to NOD agonists in its absence (fig. S6, 
K to M). Thus, ZDHHC5 mediates NOD1/2 
S-palmitoylation, and this modification is re- 
quired for membrane association and down- 
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in medium were quantified 


magnetic beads arbitrary units. Scale bars, 


stream signaling in a physiologically relevant 
context. 


ZDHHC5-mediated palmitoylation regulates 
NOD1/2 function 


GFP-NOD1 and GFP-NOD2 are localized to 
Salmonella-containing vacuoles (SCV) in 


Salmonella typhimurium-infected cells (Fig. 4, 
A and B, and fig. S7, A and B) (6), and SCV 


containing phagosomes iso 
with 3xHA-ZDHHC5 or cata 
ZDHHC5-deficient (LysM-Cr 
BMDMs were incubated with 


Data in (C) and (D) are rep 
data in (E) to (H) represent 
significant; **P < 0.01, ***P < 0.001, ****P < 0.0001, Student's t test; AU, 


S.typhimurium 


F Hi LysM-Cre/ZDHHC5** 
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C12-iE-DAP-beads, 7 h 


prtd 


IL-6 (pg/ml) 
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e 
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ated from HEK293T cells coexpressing flag-NOD2 
ytically inactive 3xHA-ZDHHC5°“45, (E to H) 
e/ZDHHC5"") or wild-type (LysM-Cre/ZDHHC5**) 
C12-iE-DAP- or MDP-coated beads. CXCL-1 and IL-6 
by means of enzyme-linked immunosorbent assay. 
esentative of three independent experiments, and 
the mean + SEM of triplicate samples. ns, not 


0 um. 


localization was markedly reduced with 2BP 
treatment (fig. $7, C and D) or ZDHHC5 knock- 
down (Fig. 4, C and D). Consistent with this 
observation, palmitoylation-deficient NOD1/2 
mutants failed to localize to SCVs (Fig. 4, E and 
F, and fig. $7, E and F), and levels of flag-NOD2 
protein associated with phagosomes con- 
taining MDP-coated beads were substan- 
tially decreased by 2BP treatment (fig. S7G). 
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Fig. 6. NOD2 coding variants manifest aberrant S-palmitoylation. (A) 
Ribbon representation of CD (3020insC, orange; R702, G908, L248, A612, and 
A755, red) and EOS (C495Y, blue) mutations on a HNOD2 3D structure model. 
(Single-letter abbreviations for the amino acid residues are as follows: A, Ala; 
C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; |, lle; K, Lys; L, Leu; M, Met; N, Asn; 
P, Pro; Q, Gln; R, Arg: S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr. In the mutants, other 
amino acids were substituted at certain locations; for example, R702W indicates 


that arginine at position 702 was replaced by tryptop 
levels of the indicated NOD2 variants (3020insC, R70 


Consistent with these observations, endoge- 
nous NOD1 was associated with phago- 
somes in WT mBMDMs (Fig. 4G) but not KO 
mBMDMs (Fig. 4H). 

Similar to NOD1/2 (Fig. 4, A and B), over- 
expressed mCherry-ZDHHC5 (Fig. 5A), GFP- 
ZDHHC5 (fig. S8A), and endogenous ZDHHC5 
were recruited to large phagosomes (fig. S8B) 
and SCVs in infected WT mBMDMSs and 
hAMDMs (Fig. 5B and fig. S8C) (1, 6). These 
observations were in line with the NODs and 
ZDHHC5 co-fractionating with early and late 
endosomal markers. Consistently, endogenous 
ZDHHC5 and NODI were found on C12-iE- 
DAP-coated bead-containing phagosomes 
isolated from mBMDMs after asynchronous 
phagocytosis (Fig. 5C). By contrast, C12-iE-DAP 
bead phagosomes isolated from LysM-Cre/ 
ZDHHC5"! mBMDMs were devoid of NOD1 
but were positive for EEA1 and Rab7 (Fig. 5C). 
Furthermore, overexpressed ZDHHC5 was as- 
sociated with LAMP1-positive phagosomes gen- 
erated by the internalization of C12-iE-DAP- or 
MDP-coated beads (Fig. 5D and fig. S8D). The 
recruitment of ZDHHC5 to phagosomes did 
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han.) (B) S-palmitoylation 
2, G908, L248, A612, and 


not require its transferase activity (Fig. 5D). 
However, overexpression of catalytically in- 
active ZDHHC5 prevented the recruitment 
of NOD2 to MDP-coated bead-containing 
phagosomes (Fig. 5D), similar to cells treated 
with 2BP (fig. S7G). 

Consistent with previous findings (6), when 
WT macrophages were incubated with C12-iE- 
DAP (Fig. 5, E and F) or MDP beads (Fig. 5, G and 
H), CXCL-1 (Fig. 5, E and G), and interleukin-6 
(IL-6) (Fig. 5, F and H) were produced. However, 
CXCL-1 and IL-6 production by ZDHHC5- 
deficient mBMDMs was markedly lower 
than that in littermate control cells, despite 
internalizing more beads (fig. SSE). Together, 
these data indicate that ZDHHC5 is consti- 
tutively localized to phagosomes and that 
its catalytic activity is required for NOD1/2 
phagosomal recruitment and NOD1/2-dependent 
signaling. 


NOD2 S-palmitoylation and disease relevance 


NODI and NOD2 polymorphisms are associated 
with CD, ulcerative colitis (UC), Blau syndrome, 
Behcet’s syndrome, early-onset sarcoidosis 
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A755) expressed in HEK293T cells with or without HAM. (C) Quantification of 
S-palmitoylation of NOD2 variants of immunoblots as in (B). (D) Effect of 2BP 
(50 uM) on S-palmitoylation of the NOD2 EOS variant NOD2°4°5”. (E) Quantification 
of S-palmitoylation level of NOD2°4°5" in (D). (F) NF-«B-dependent luciferase 
reporter gene activity in HEK293 cells expressing GFP-NOD2“4°>" treated with 
MDP (2 pg mI”) and DMSO or 2BP (50 uM). Luciferase activity normalized as in 
Fig. 1G. Data in (C), (E) and (F) are the mean + SEM of at least triplicate samples. 
ns, not significant; *P < 0.05, ***P < 0.001, ****P < 0.0001, Student's t test. 
RLU, relative luminescence units; AU, arbitrary units. 


(EOS), and atopic diseases (1, 2). CD-associated 
NOD2 loss-of-function mutations result in re- 
duced NF-«B activity upon stimulation with 
MDP (6), whereas EOS and Blau syndrome 
are associated with apparent NOD2 gain-of- 
function mutations (30, 31). The three most 
common nonsynonymous NOD2 variants 
(R702W, G908R, and 3020insC) (Fig. 6A and 
fig. S9A) account for roughly 80% of all NOD2- 
associated variants found in CD cases (7) and 
retain the ability to bind to MDP with nano- 
molar affinity (70). 

We found that a number of CD-associated 
NOD2 mutant proteins (3020insC, R702W, 
L248R, A612T, A755V, and R1019stop) displayed 
a ~70 to 90% reduction in S-palmitoylation 
levels (Fig. 6, B and C, and fig. S9, B and C). As 
expected, decreased palmitoylation strongly 
correlates with a more pronounced cytosolic 
distribution (Fig. 1C and fig. S9D). We thus sur- 
mise that a reduction in the S-palmitoylation 
of these NOD2 variants leads to membrane 
dissociation and hence an inability to respond 
to MDP, despite their nanomolar affinity for this 
compound (0). By contrast, the EOS-associated 
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NOD2 gain-of-function mutant C495Y displayed 
a twofold increase in S-palmitoylation compared 
with that of WT NOD2 (Fig. 6, D and E). NOD2 
C495Y palmitoylation and associated NF-«B 
hyperactivity could be counterbalanced by 
the use of 2BP (Fig. 6F). These data indicate 
a strong correlation between defects in 
NOD2 (and potentially NOD1) palmitoylation 
and several different human pathological 
conditions. 


Discussion 


We have established that S-palmitoylation of 
both NOD1 and NOD? is required for optimal 
membrane targeting and hence for proper sig- 
naling upon cognate peptidoglycan detection. 
Membrane association of NOD1 and NOD2 
is vital for their function (J, 7, 8, 16), as clearly 
illustrated by the CD-associated NOD2 loss- 
of-function variant 3020insC, which fails to 
associate with membranes and, as a conse- 
quence, is unable to detect bacterial intrusion 
(6). We provide evidence that NOD1 and 
NOD2 S-palmitoylation is required not only 
for steady-state membrane association but also 
for ligand-induced signaling. Accordingly, 
S-palmitoylation-deficient mutants of NOD1 
and NOD2 are mislocalized and lose their 
ability to induce NF-«B signaling in response to 
C12-iE-DAP or MDP. Furthermore, we found 
that ZDHHCS5 is required for S-palmitoylation 
of NOD1 and NOD2, and both the presence of 
ZDHHC5 at the site of bacterial entry and its 
enzymatic activity are necessary for proper 
recruitment of NOD1/2 to the bacterial entry 
site and phagosomes. How ZDHH(C5 is recruited 
to the site of bacterial entry remains an open 
question. 

We conclude that a palmitoylation-dependent 
local accumulation of NODs, and their sub- 
sequent exposure to bacterial by-products, en- 
sures a compartmentalized and efficient signaling 
response. Consequently, cells can respond to very 
low concentrations of bacterial products. We 
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propose that NOD1 and NOD2, together with 
ZDHHC5 and various transporters (such as 
SLC15A3), form specialized platforms for path- 
ogen sensing. We anticipate that our findings 
will advance the understanding and ulti- 
mately the treatment of NOD-driven inflam- 
matory diseases, including NOD-dependent 
autoimmune diseases and chronic bacterial 
infections. 
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Structural basis for the docking of mTORC1 


on the lysosomal surface 


Kacper B. Rogala’?**°, Xin Gu??35, Jibril F. Kedir'2°+5, Monther Abu-Remaileh'?>+, 
Laura F. Bianchi’, Alexia M. S. Bottino’, Rikke Dueholm’, Anna Niehaus, Daan Overwijn’, 
Ange-Célia Priso Fils', Sherry X. Zhou’, Daniel Leary*, Nouf N. Laqtom’, 


Edward J. Brignole>*®, David M. Sabatini??345* 


The mTORC1 (mechanistic target of rapamycin complex 1) protein kinase regulates growth in response to 
nutrients and growth factors. Nutrients promote its translocation to the lysosomal surface, where its Raptor 
subunit interacts with the Rag guanosine triphosphatase (GTPase)—Ragulator complex. Nutrients switch 

the heterodimeric Rag GTPases among four different nucleotide-binding states, only one of which 
(RagA/B-GTP-RagC/D-GDP) permits mTORC1 association. We used cryo-electron microscopy to determine 
the structure of the supercomplex of Raptor with Rag-Ragulator at a resolution of 3.2 angstroms. Our 
findings indicate that the Raptor a-solenoid directly detects the nucleotide state of RagA while the Raptor 
“claw” threads between the GTPase domains to detect that of RagC. Mutations that disrupted Rag-Raptor 
binding inhibited mTORC1 lysosomal localization and signaling. By comparison with a structure of mTORC1 
bound to its activator Rheb, we developed a model of active mTORC1 docked on the lysosome. 


he mTORC1 protein kinase controls 

growth in response to diverse environ- 

mental cues, such as nutrients and 

growth factors. Deregulated mTORC1 

signaling is associated with many dis- 
eases, including some cancers and neurolog- 
ical disorders (/-5). Amino acids promote the 
translocation of mTORC1 to the surface of the 
lysosome, where it can interact with and be 
activated by the Rheb GTPase (6-10). mTORC1, 
composed of the core mTOR, Raptor, and 
mLST8 subunits, docks on the lysosome 
through the direct interaction of Raptor with 
the lysosome-associated Rag GTPase-Ragulator 
complex (11, 12). Through their C-terminal 
roadblock domains (CRDs), the Rag GTPases 
form heterodimers consisting of RagA or RagB 
bound to RagC or RagD (13, 14). The obligate 
heterodimeric nature of the Rags allows cross- 
talk between their GTPase domains, which is 
necessary for mTORC1 signaling to respond 
quickly to changes in nutrient levels (15). 
Ragulator consists of five subunits and is 
necessary for targeting the Rag GTPases to 
the lysosomal surface (17). 

As in other GTPases, the GTPase domains 
of the Rags consist of a network of secondary 
structural elements, known as switches, that 
undergo conformational changes upon the ex- 
change or hydrolysis of bound guanosine di- 
or triphosphate (GDP or GTP), respectively 
(16). Under the control of several nutrient- 
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regulated GTPase-activating proteins (GAPs) 
and guanine nucleotide exchange factors 
(GEFs), such as GATORI (i7, 18), FLCN-FNIP 
(19, 20), and SLC38A9 (27), the Rag hetero- 
dimer can oscillate among four nucleotide 
configurations, only one of which (RagA/BeGTP- 
RagC/DeGDP) represents nutrient sufficiency 
and interacts with mTORCI (8, 79). To under- 
stand how mTORC1I discriminates between the 
Rag nucleotide states, we used cryo-electron 
microscopy (cryo-EM) to determine the struc- 
ture of the Raptor subunit of mTORC1 bound 
to the Rag-Ragulator complex. This structure 
not only sheds light on the conformations of 
the Rag GTPases that underlie nutrient sens- 
ing by mTORC1, but also allows us to develop 
a structural model of mTORC1 docked on the 
lysosome. 


Reconstitution of the Raptor-Rag-Ragulator 
supercomplex 


Because the interactions that promote the as- 
sociation of mTORCI1 with the lysosomal sur- 
face underlie signaling events and are thus 
transient, we built the Raptor-Rag-Ragulator 
complex using a bottom-up approach instead 
of trying to isolate an intact complex from 
human cells. We generated the RagA-RagC 
heterodimer and the pentameric Ragulator 
complex in bacteria, and produced Raptor in 
a human embryonic kidney (HEK)-293 cell 
expression system (see supplementary mate- 
rials). To stabilize the interaction of Raptor 
with the Rag GTPases, we introduced two 
point mutations into RagC (S75N, T9ON) that 
are found in patients with follicular lym- 
phoma (22). Each of these mutations indepen- 
dently stabilizes the GDP-bound state of RagC 
and promotes the interaction of the hetero- 
dimer with Raptor (22), and we found that in 
combination they have additive effects. We 
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used the wild-type version of RagA because 
we assumed that its slow GTPase rate (15) 
would keep it bound to GTP. Indeed, analysis 
of the RagA-RagC (S75N, T9ON) heterodimer 
confirmed that it contained close to stoichio- 
metric amounts of GTP and GDP (fig. SIA). By 
mixing together the Rag GTPase heterodimer, 
Ragulator, and Raptor, we produced a fairly 
homogeneous supercomplex that was suitable 
for structural studies (Fig. 1A). 


Cryo-EM structure of the 
Raptor-Rag-Ragulator supercomplex 


In initial applications of the supercomplex to 
holey carbon microscopy grids, the particles 
strongly adsorbed to carbon, but after exten- 
sive optimization of blotting and freezing con- 
ditions, we obtained grids with a gradient of 
particle distributions. The edges of holes at- 
tracted many overlapping particles, whereas 
the centers had well-distributed individual 
complexes. The uneven particle distribution 
proved to be a major obstacle to many particle- 
picking algorithms, and only the Topaz and 
crYOLO pickers (23, 24) discriminated well 
enough between particles on carbon and in holes 
to provide a uniform range of orientations and 
yield good two-dimensional classes (Fig. 1B). 

After a series of refinements and particle 
sorting, we selected 112,037 particles to recon- 
struct the cryo-EM structure of the Raptor- 
Rag-Ragulator complex at 3.18 A resolution 
(Fig. 1C and movie S1). The structure reveals 
the binding mode between Raptor and the 
Rag-Ragulator complex. The central region of 
Raptor (amino acids 376 to 844), which con- 
stitutes an o-solenoid (Fig. 1D), engages the 
Rag GTPases, whereas its N-terminal RNC 
(Raptor N-terminal conserved) domain and 
C-terminal WD40 domain do not. Although 
Ragulator makes extensive contacts with the 
CRDs of the Rags (fig. SIB), it does not directly 
interact with Raptor. Overall, Raptor and Rag- 
Ragulator form two elongated halves of the 
structure, positioned off-parallel to one another. 
The local resolution of the core of the super- 
complex, formed by Rag-Raptor(a-solenoid), 
extends to ~2.3 A resolution; the periphery of 
the structure was resolved to ~4.2 A (fig. S9). 
Variability analysis revealed that such non- 
uniform resolution stems from the dynamics 
of the two halves of the complex, which swing 
with respect to one another. The highest am- 
plitudes are observed at the tip of Ragulator 
and in the RNC and WD40 domains of Raptor 
(movie 82). The interface between Rag GTPase 
and CRD domains serves as a hinge region for 
the swinging movement of the Rag(CRD)- 
Ragulator substructure, which explains why 
capturing the full-length Rag-Ragulator with 
x-ray crystallography was likely an impossible 
task (25, 26). 

As in the structure of the Rag GTPases 
bound to GATORI (27), the relative positions 
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Fig. 1. Purification, assembly, and structure determination of the Raptor-Rag- 
Ragulator supercomplex. (A) Gel filtration profile and corresponding SDS- 
polyacrylamide gel electrophoresis of the reconstituted Raptor-Rag-Ragulator 
supercomplex as visualized with Coomassie Blue staining. The fully assembled 
complex (peak 1) partially overlaps with two subcomplexes: Rag-Ragulator (peak 1 tail) 


and Ragulator (peak 2). (B) Representative two-dimensional class averages of the 
Raptor-Rag-Ragulator supercomplex. (€) Cryo-EM structure of the supercomplex, 
determined to 3.2 A resolution. Two orthogonal views of the experimental electron 
density (left) are shown next to corresponding views of the molecular model (right). 
(D) Domain organization of all components that make up the supercomplex. 


of the GTPase domains in our current struc- 
ture are altered with respect to those in pre- 
viously reported structures of the Rag homologs 
in budding yeast, the Gtr proteins [PDB IDs 
3R7W and 4ARZ (28, 29)] (fig. SIC). In fact, 
the GtrleGTP-Gtr2eGDP active state would 
clash with Kog]1 (the yeast homolog of Raptor) 
in a binding mode modeled on human Raptor- 
Rag. This suggests either that the structure 
of Kogl adapts to accommodate the different 
Gtr structure or that the Gtr GTPases shift 
their conformation upon Kog1 binding. A 
structure of the yeast Gtr1-Gtr2-Kog1 complex 
will be needed to resolve the true situation 
among these possibilities. 


The interaction of Raptor with RagA 


Raptor and RagA interact extensively with each 
other within the Raptor-Rag-Ragulator super- 
complex. Three helices (024, 026, 029) within 
a ~100-amino acid region (amino acids 546 to 
650) of the Raptor a-solenoid (amino acids 376 
to 844) directly engage the switch I-containing 
face of RagA and form a network of hydrogen 
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bonds and salt bridges (Fig. 2A). The Glu°®™* 
and Asn” residues of helix 0.24 of Raptor con- 
tact the RagA interswitch residues His*® and 
His*”. Are®®” of helix «26 forms extensive in- 
teractions by tightly fitting the pocket formed 
by Glu*®, Are”*, and Tyr”! of RagA. These in- 
teractions are supported by hydrogen bonds 
between the backbone of His”? of RagA and 
Asp°®’ and Lys®°? of Raptor. The third helix 
a29 of Raptor engages helix a2 of RagA, with 
a number of salt bridges between Thr®*, Asp*””, 
and His®*® of Raptor and Arg?®, Arg**, and 
Asp” of RagA (Fig. 2A). 

To test the importance of these contacts in 
mediating the Raptor-Rag interaction, we mu- 
tated interface residues on either Raptor or 
RagA. In Raptor, we disrupted either all three 
interacting helices involved in the interaction 
with one mutation per helix, or each of the 
three helices individually by introducing three 
mutations in each helix (Fig. 2B). All three 
helices, 024, «26, and «29, appear necessary 
for the binding of Raptor to the Rag hetero- 
dimer, with either mutations in all helices or 
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mutations in helix «26 showing the strongest 
effect; this finding suggests that helix 26 plays 
a primary role in complex formation (Fig. 2C). 
None of the mutations affected the binding of 
Raptor to mTOR (fig. S2A). 

Because the Raptor-RagA interface involves 
the critical switch I and interswitch regions of 
RagA, we only targeted, singly or in combina- 
tion, residues on RagA that point away from 
the core of the protein (Fig. 2D) and validated 
that these mutations do not affect its capacity 
to bind GTP (fig. S2B). Consistent with the 
structural data, when expressed in RagA-RagB 
double-knockout (DKO) HEK-293T cells lack- 
ing RagA and its redundant homolog RagB (fig. 
$2C), none of the RagA mutants interacted 
with Raptor, whereas all still heterodimer- 
ized with RagC and bound to Ragulator, as as- 
sessed by coimmunoprecipitation of its p18/ 
LAMTORI subunit (Fig. 2E). 

On the basis of precedence with many small 
GTPases to which RagA is related (29, 30), we 
predict that in the GDP-bound state, both 
switch I and strand {2 of the interswitch of 
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Fig. 2. Raptor-RagA interaction. (A) Three helices (a24, 026, 029) Raptor-binding region of RagA. (E) In RagA-RagB DKO HEK-293T cells, 
in the a-solenoid of Raptor directly engage the switch | face of GTP-loaded the transiently expressed RagA mutants in (D) cannot bind endogenous 
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RagA-RagC heterodimer. (D) Description of mutations introduced in the 


RagA would rearrange and disrupt the bind- 
ing sites for the three key Raptor helices (a24, 
026, and «29), explaining why Raptor only in- 
teracts with the Rag heterodimer when RagA 
(or RagB) is GTP-bound (8). 


The Raptor claw 


The heterodimeric Rag GTPases exhibit rota- 
tional two-fold symmetry, such that their switch 
machineries are on opposite ends of the hetero- 
dimer and their nucleotide-binding pockets 
face the dimeric center (Fig. 3, A and B). Thus, if 
Raptor directly engages the switch I-containing 
face of RagA, how does it also detect the nu- 
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cleotide state of RagC when its switch region 
is on the other side of the heterodimer? 
Surprisingly, the refined map of the Raptor- 
Rag-Ragulator complex revealed a large stretch 
of electron density in the space between the 
two GTPase domains of the Rags. This density 
is acutely angled; it enters the space between 
the Rags from the Raptor side, loops back, and 
exits near the bound GDP on RagC. At first, 
it was not clear which protein contributed 
the density: RagA, RagC, Raptor, or a Ragula- 
tor component. By mining our particle images 
for rare Rag-Ragulator and Raptor-Rag sub- 
complexes and determining their structures 
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R, Arg; T, Thr; W, Trp; Y, Tyr. 


to low resolution (see supplementary mate- 
rials), we used a process of elimination to de- 
termine that the electron density belonged to 
Raptor (fig. S3A). We traced an amino acid 
backbone through the density, and the dis- 
tinct positions of prolines assigned the side 
chains to amino acids 916 to 937 of Raptor 
(Fig. 3C). The electron density of this region 
is unaccounted for in the previous structure 
of Raptor (37), and considering its triangular 
shape, we named it the “Raptor claw.” The 
primary sequence of the claw appears to be 
conserved in vertebrates and their closest in- 
vertebrate kin (fig. S3B). 


3 of 8 


RESEARCH | RESEARCH ARTICLE 


© Raptor 
@ RagA 
@ GTP*Mg 
© RagC 
@ GDP 


Cc @ RagA 
@ GTP*Mg 


© RagC 
@ GDP 


© Raptor 


RagA 
switches 


Es 


Disordered 
parts of RagC 
switches 


The N-terminal end of the claw contains a 
very short helical fragment 0.33a (amino acids 
919 to 922) that anchors it in a groove between 
the GTPase (Asp’*’, Asp’®®, Lys’®*) and CRD 
(Met?”) domains of RagC (fig. S3C). It enters 
the inter-GTPase domain space with a coil 
(Arg®”®, Are®?’, Met®°) that first extends to- 
ward the CRD (Gin) and switch I (Ala, Arg™*, 
Asp*”) of RagA, and then loops back 130° and 
exits (Pro**, Glu’) near the nucleotide-binding 
site of RagC (Tyr”) (Fig. 3C and fig. S3C). In- 
terestingly, Glu?’ of the claw is positioned 
close enough to the RagC-bound GDP to form 
hydrogen bonds with N2 and N3 of the guanine 
base (Fig. 3D). The switch machinery of RagC 
in the GDP-bound form in our cryo-EM struc- 
ture is largely disordered, allowing us to model 
only parts of switch II and the interswitch. The 
remaining modules of the switch machinery 
appear dynamic. 


Detection by Raptor of the RagC 
nucleotide state 


Because the Raptor claw can reach through 
the inter-Rag space to contact the switch 
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machinery of RagC, we reasoned that it could 
serve as a nucleotide-state detector and ex- 
plain why Raptor interacts with the Rag hetero- 
dimer when RagC (or RagD) is GDP-bound 
(19). To examine this possibility, we first super- 
imposed a publicly available structure of the 
GTP-bound GTPase domain of RagC (PDB ID 
3LLU) onto that of GDP-bound RagC from 
our cryo-EM structure. This analysis revealed 
that by causing switch I to rigidify, the load- 
ing of RagC with GTP would lead residues 
Ser® and Asn*® of switch I to clash with the 
tip of the claw (residues Lys°”” and Gly°”?; see 
Fig. 4A). 

Moreover, upon the GDP-to-GTP transition, 
the interswitch strand 83 of RagC shifts its 
register by two residues (Ca shift of 5.8 A) in 
a manner similar to what has been observed 
in Arf GTPases (32) (Fig. 4B and movie $3). In 
GDP-bound RagC, Ser’? and Phe!” from the 
62-83 loop (107 to 110) of the interswitch rest 
on the side of a CRD pocket formed by four 
strands of the antiparallel B sheet and two 
bottom-face a helices (Fig. 4C). The two- 
residue register shift caused by GTP binding 
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Fig. 3. Raptor-RagC inter- 
action. (A) The binding 
interface between the Rap- 
tor a-solenoid and Rag 
GTPases. (B) The GTPase 
switch machineries of Rags 
are positioned at the 
opposite ends of the hetero- 
dimer. Note that in our 
structure, the switch 
machinery of RagC is largely 
disordered, and the circled 
region marks the space it 
would have occupied if it 
was fully resolved. (C) The 
Raptor claw is a 22-amino 
acid loop that enters the 
inter-Rag space depending 
on the nucleotide state of 
RagC. The claw forms inter- 
actions with both RagA and 
RagC, and its residue E935 
engages RagC-loaded GDP 
directly. (D) The Glu°°°-GDP 
interaction is driven by 
hydrogen bonding between 
the Glu®°° side chain and 

2 and N3 of the guanine of 
GDP. Amino acid abbrevia- 
tions: D, Asp; E, Glu; H, His; 
K, Lys; M, Met; N, Asn; 

P, Pro; Q, Gln; R, Arg; S, Ser; 
T, Thr; W, Trp; Y, Tyr. 


Ordered 


makes the interswitch stick outward, such 
that its B2-B3 loop would clash with the CRD 
pocket. To avoid such a clash, the interswitch 
loop would have to shift its position and en- 
gage with a larger area of the CRD pocket, 
leading the entire GTPase domain to reposi- 
tion itself closer to the central axis of the Rag 
heterodimer (Fig. 4D). We modeled such do- 
main repositionings in RagA and RagC in the 
context of the intact heterodimer because we 
observed no major domain rearrangements in 
the Rags upon Raptor binding, as evidenced 
by fitting the Rag heterodimer from the super- 
complex into an 8.9 A resolution map of the 
Rag-Ragulator subcomplex (fig. S3, A and D). 
This analysis showed that depending on the 
nature of the nucleotide, the space between 
the two GTPase domains becomes closed (RagAe 
GTP-RagCeGTP state), shifted toward the RagA 
(GDP-GTP) or RagC (GTP-GDP) side, or wid- 
ened (GDP-GDP) (Fig. 4D). 

This altered accessibility of the inter-Rag 
space likely is the basis of the ability of the 
claw to detect the nucleotide state of RagC. 
In the RagAeGTP-RagCeGDP state we captured, 
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Fig. 4. The dynamics of the Rag-Raptor interaction. (A) Loading of GTP by 
RagC would trigger its switch | to rigidify and clash with the Raptor claw. The structure 
of the GTP-loaded GTPase domain of RagC (PDB ID 3LLU) was superimposed with 
our cryo-EM structure of RagC*GDP. (B) The organization of the switches in RagC 
(top) and Arf6 (bottom) [PDB ID: LEOS, 2J5X (37, 38)]. Note that although the 
switches change their positions in GTP- versus GDP-loaded states, the core of the 
structure does not move. Even though a large proportion of the switches in our 
GDP-loaded RagC structure are disordered, we observed that the interswitch changes 
its register by two residues, in a manner similar to Arf GTPases. (C) The movement 
of the interswitch during the GDP-to-GTP transition would cause its loop to clash with 
the CRD pocket (circled area). Instead, the interswitch repositions itself such that it 
engages with the more central part of the CRD. The disordered interswitch strand B2 of 
RagC+GDP is drawn with a dashed line. The surface of the CRD is colored according 
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to electrostatic potential (see the color key). (D) The shifting of the GTPase domains 
in the Rag heterodimer during GTP-GDP binding exchanges. GTPase domains 
loaded with GDP are positioned away from the central axis of the Rag heterodimer, 
and their interswitches are retracted. Loading of GTP causes the interswitch to 
extend and press the CRD pocket such that the entire GTPase domain becomes 
repositioned closer to the Rag central axis. The models were created by superimposing 
RagA*GTP with RagC*GDP through their CRDs (specifically by matching their B7 
and a9). (E) Description of the Raptor claw mutants used in (F). (F) Elimination of 
the Raptor claw or mutations in its critical Rag-interacting regions prevent Raptor 
from coimmunoprecipitating the RagA-RagC heterodimer. Longer exposures of 
the RagA and RagC immunoblots did not reveal any signal for Raptor. Flag-metap2 was 
used as a negative control protein. Amino acid abbreviations: D, Asp; E, Glu; F, Phe; 
G, Gly; H, His; |, lle; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, Gln; S, Ser; T, Thr; V, Val. 
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the a-solenoid of Raptor engages switch I of 
RagA, and the claw penetrates the inter-Rag 
space because switch I of RagC is disordered 
(movie S4). In the RagAeGTP-RagC*GTP con- 
figuration, not only would switch I of RagC 
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rigidify and push the claw away from the bound 
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Fig. 5. mTORC1 on the lysosomal surface. (A) Model of a Rheb-activated 


FLAG-Metap2 Ga] 


mutants by the RagA antibody (monoclonal; CST D8B5) is reduced, which suggests 


mTORC1 dimer bound to two lysosomal-targeting Rag-Ragulator complexes. The that the mutated residues affect the epitope recognized by this antibody, which 
Rag-Ragulator complex clamps mTORC] to the surface of the lysosome. Note that — has not been disclosed. (C) 
both Ragulator and Rheb carry lipid-modified terminal residues that tether the RagA-RagB DKO HEK-293T 
supercomplex to the membrane. Our cryo-EM structure of the Raptor-Rag-Ragulator Raptor does not rescue the 


complex was superimposed with that of Rheb-bound mTORC1 [PDB ID 6BCU (31)]. 


(B) Stable expression in RagA-RagB DKO HEK-293T cells of RagA mutants that Raptor, transient expression 
cannot bind Raptor (Fig. 2, D and E) does not restore mTORC1 activity, as assayed — whereas that of Raptor mut 
by the phosphorylation of S6K1 in amino acid-replete cells. Note that although and a26) does not. Mutants that cannot bind the CRD of RagC (CRD1) or lacking 

the levels of the stably expressed wild-type and mutant Flag-RagA are relatively even __ the claw (Clwl) activate S6K1 phosphorylation to a small degree. See supplementary 
as assessed with the anti-Flag antibody, the recognition of the RA2 and RA3 RagA materials and fig. S6B for a 
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Unlike expression of wild-type RagA, expression in 
cells of the Y31A RagA (RA1) mutant that cannot bind 
amino acid-induced colocalization of mTOR with 


lysosomes, as marked by the lysosomal protein LAMP2. (D) In cells hypomorphic for 


of wild-type Raptor promotes S6K1 phosphorylation, 
ants defective in the RagA-Raptor interaction (ax3 


description of the Raptor hypomorph cell line. 


6 of 8 


RESEARCH | RESEARCH ARTICLE 


machinery of RagAeGTP, but it would clash 
with the equivalent nucleotide state of RagC 
(fig. S3E). Technically, the open RagAeGDP- 
RagCe*GDP state should allow the claw to make 
interactions within the inter-Rag space. How- 
ever, threading of the claw involves not only 
RagC residues but also those from RagA. In 
the GDP-loaded state, the switch I residues of 
RagA, Arg**, and Asp” that contact the middle 
part of the claw (Fig. 3C) would become dis- 
ordered. Ultimately, the entire RagA GTPase 
domain would shift away from the claw, 
leaving very little surface for any potential 
interactions. Beyond affecting the intersubu- 
nit space, the shifts in the GTPase domains we 
have modeled here are also likely involved in 
the cross-talk phenomenon that we previously 
observed in kinetic studies (15). 

Given the extensive binding surface between 
RagAeGTP and the o-solenoid of Raptor, we 
considered that the claw might simply be a 
nucleotide detection mechanism for ensuring 
that RagC is GDP-bound and perhaps does not 
contribute to the strength of the Raptor-Rag 
interaction. Surprisingly, however, Raptor var- 
iants lacking the claw or with mutations in 
three critical regions—the entrant helix, the 
bend, and the part proximal to GDP (Fig. 4E) 
—could not bind the Rags (Fig. 4F) but still 
interacted with mTOR (fig. S3F). 

In addition to the claw, the Raptor-Rag- 
Ragulator structure revealed a contact be- 
tween the CRD of RagC and a loop (amino 
acids 795 to 806) extending from the a-solenoid 
of Raptor (fig. S4, A and B). This interface is 
largely driven by side chain-backbone hy- 
drogen bonding (e.g., RagC Arg”? and Raptor 
Leu”°) and some backbone-backbone inter- 
actions (Raptor Gly®” and RagC Ser?*'; fig. 
S4, C and D). Like the claw, this loop is also 
disordered in the previously reported struc- 
ture of Raptor (37), and presumably its prox- 
imity to RagC rigidified it into a defined shape 
in our complexes. By mutating interfacing res- 
idues on Raptor, we found that deletion of 
residues 799 to 805 or a combination of three 
mutations (L799A, G801Y, F804D) weakened, 
but did not eliminate, the interaction of Raptor 
with the Rag GTPases without impacting that 
with mTOR (fig. S4E). 

Collectively, our analyses of the role of in- 
terfacing residues between Raptor and the 
Rag heterodimer suggest a model in which 
Raptor first transiently binds to GTP-loaded 
RagA, forming interactions with its switch I 
region, and also weakly touches the CRD of 
RagC. Threading of the Raptor claw in be- 
tween the GTPase domains of the Rags then 
generates a more stable interaction. The claw 
can fully engage only when RagC is loaded 
with GDP and its switch I is disordered. This 
would explain why RagC must be GDP-bound 
for the Rag heterodimer to interact with 
Raptor (19). 
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Model of mTORC1 docked on the 

lysosomal membrane 

Translocation to the lysosomal surface is criti- 
cal for the activation of mTORC1 because there 
it can interact with its kinase activator, the 
Rheb GTPase. A recent cryo-EM structure of 
mTORCI bound to Rheb [PDB ID 6BCU (37)] 
provided a likely orientation of mTORC1 to- 
ward the lysosomal membrane because, like 
most small GTPases, Rheb associates with 
membranes through a C-terminal farnesyl 
group (33). Because both the Rheb-bound 
mTORCI and Raptor-Rag-Ragulator structures 
contain Raptor, we superimposed them to gen- 
erate a structural model of the Rheb-activated 
mTORC1 dimer tethered to the lysosome via 
Rag-Ragulator (Fig. 5A and movie S5). 

In our original cartoons of mTORCI1 on the 
lysosomal surface, we envisioned Rag-Ragulator 
as a pillar protruding from the lysosome with 
mTORC1 sitting atop it (1D). This appears not 
to be the case. Instead, the Rag-Ragulator com- 
plex binds to the top and side of mTORCI, 
serving as a clamp that pushes mTORC1 down 
onto the lysosome (Fig. 5A). The p18/LAMTOR1 
subunit of Ragulator has a 45-amino acid 
N-terminal tail with myristoyl and palmitoyl 
modifications on its end that is necessary for lo- 
calizing Ragulator to the lysosome (34). Although 
we cannot resolve this tail in our structure, we 
predict that if extended, its length of ~14 nm 
would provide enough room to properly orient 
the assembled supercomplex of mTORC1-Rag- 
Ragulator on the lysosomal surface, as depicted 
in Fig. 5A. In fact, given the broad diameter 
range of lysosomes (0.1 to 1 um) (35), the p18 
tail should allow mTORC1 to make expansive 
searches of the lysosomal surface for the activ- 
ated Rheb GTPase (fig. $5, A and B). Once two 
Raptor subunits of mTORC1 are clamped down 
by the Rag-Ragulator complexes, the search 
radius will be restricted. However, the result- 
ing avidity effect of such dimeric binding will 
further improve the overall strength of the 
interaction with the lysosome and will facili- 
tate the lasting activation of the mTOR kinase. 

To study the consequences of eliminating 
the Raptor-Rag interaction on mTORCI signal- 
ing, we took advantage of the HEK-293T RagA- 
RagB DKO cells lacking RagA and RagB (fig. 
$2C). These cells do not activate mTORC1 
upon amino acid stimulation, as judged by the 
phosphorylation of S6K1, a canonical mTORC1 
substrate. Although stable expression of wild- 
type RagA readily restored mTORC1 activity in 
amino acid-stimulated cells, that of the RagA 
mutants that cannot bind Raptor did not (Fig. 
2, D and E, and Fig. 5B). Consistent with this 
finding, in the cells expressing RagA mutants 
deficient in Raptor binding, mTOR no longer 
localized with lysosomes upon stimulation with 
amino acids (Fig. 5C and fig. S6A). 

It is not trivial to study the effects of Raptor 
mutations on mTORCI signaling because Rap- 
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tor is a cell-essential gene, and therefore it is 
not possible to generate cells lacking it. How- 
ever, using CRISPR-Cas9, we were able to 
generate a HEK-293T cell line that has defec- 
tive mTORCI signaling because its Raptor al- 
leles have partial loss-of-function mutations 
that also reduce their expression (fig. S6B) (see 
supplementary materials). Transient expres- 
sion of wild-type Raptor in these cells acti- 
vated mTORC1 signaling, whereas that of the 
Raptor mutants affecting the RagA binding 
site did not (Fig. 5D). The claw- and CRD- 
binding mutants were slightly less defective, 
as they provided a small fraction of the signal 
that wild-type Raptor did. 

Intriguingly, a fairly abundant isoform of 
Raptor (isoform 3) that lacks the Rag-interacting 
a-solenoid (A504-661 compared to the canon- 
ical isoform 1) has been described (36), raising 
the possibility that dimeric mTORC1 complexes 
may exist containing two different Raptor iso- 
forms, only one of which can bind to the Rag 
GTPases. Such mTORCI1 heterodimers would 
likely associate more weakly with lysosomes, 
which may be useful in certain signaling con- 
texts. mTORC1 dimers may also exist having 
only the non-Rag-binding Raptor isoform, 
which might play roles in cells (e.g., erythro- 
cytes) that lack lysosomes. We attempted ex- 
periments with this isoform of Raptor but found 
that it expresses poorly in HEK-293T cells. 

Our cryo-EM structure of Raptor, the defin- 
ing subunit of mTORC1, in complex with Rag- 
Ragulator, allows us to model how mTORC1 
would dock on the lysosomal surface, which is 
a key step in its activation. We have described 
the regulated interface between Raptor and 
Rag GTPases, the details of which are critical 
for understanding nutrient sensing at the mo- 
lecular level and also for designing small 
molecules that are more specific to mTORC1 
signaling than existing drugs such as rapamycin. 
These drugs also target the related protein com- 
plex mTORC2, which has other roles in the cell. 
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FERROELECTRICS 


Super-elastic ferroelectric single-crystal membrane 
with continuous electric dipole rotation 
Guohua Dong", Suzhi Li2*, Mouteng Yao", Ziyao Zhou'}, Yong-Qiang Zhang®, Xu Han‘, Zhenlin Luo“, 


Junxiang Yao°, Bin Peng’, Zhongqiang Hu’, Houbing Huang®, Tingting Jia®, Jiangyu Li°, Wei Ren’, 
Zuo-Guang Ye’, Xiangdong Ding*{, Jun Sun?, Ce-Wen Nan®, Long-Qing Chen®, Ju Li?°, Ming Liu*+ 


Ferroelectrics are usually inflexible oxides that undergo brittle deformation. We synthesized freestanding 
single-crystalline ferroelectric barium titanate (BaTiO3) membranes with a damage-free lifting-off process. Our 
BaTiO3 membranes can undergo a ~180° folding during an in situ bending test, demonstrating a super-elasticity 
and ultraflexibility. We found that the origin of the super-elasticity was from the dynamic evolution of 
ferroelectric nanodomains. High stresses modulate the energy landscape markedly and allow the dipoles to 
rotate continuously between the a and c nanodomains. A continuous transition zone is formed to accommodate 
the variant strain and avoid high mismatch stress that usually causes fracture. The phenomenon should be 
possible in other ferroelectrics systems through domain engineering. The ultraflexible epitaxial ferroelectric 
membranes could enable many applications such as flexible sensors, memories, and electronic skins. 


lasticity reflects the capability of a mate- 
rial to exhibit mechanical deformation 
and recovery. Elasticity and flexibility of 
material such as alloys and semiconduc- 
tors are determined by the essential com- 
ponents (atoms and molecules, among others) 
and their interactions (chemical bonds) in the 
materials. In metals, elasticity originates from 
free transfer among electron components with- 
out changing the Fermi level substantially during 
mechanic deformation (J). Some alloys called 
shape-memory alloys can even achieve the shape 
recoverability with strain exceeding the elastic 
limit through the martesitic phase transition, 
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leading to the super-elasticity (2). By contrast, 
the ionic or covalence bonds in oxides and 
semiconductors have much greater interaction 
strength but lack sufficient slip systems for dis- 
location movement under deformation, lead- 
ing to a brittle fracture. Nevertheless, the phase 
transitions in nanostructural oxides and semi- 
conductors with reduction in dimensionality 
(3-5) offer atomic displacement tolerance in 
coexisted phases (6) and trigger additional 
strain that exceeds the elastic limit of bulk 
materials and has the ability for recovery. 
Ferroelectrics (FEs), as a class of functional 
oxides, have found broad applications due to 
the existence of switchable spontaneous polar- 
ization and its coupling to mechanic defor- 
mation. Flexible FE thin films and membranes 
are needed for advanced flexible FE electron- 
ics, which will fulfill the growing demands for 
applications (7-9). In recent years, novel peeling 
and transferring technologies developed for 
oxide thin films have provided a step forward 
toward fabricating high-quality epitaxial mem- 
branes (10-15). However, little has been done 
in investigating the presence, origin, and limit 
of elasticity and flexibility in FE thin films and 
membranes. This is an important topic perti- 
nent to various research areas such as flexo- 
electricity and multiferroics, in which strong 
electrical-mechanical coupling effects can be 
generated through large bending deforma- 
tion. Although the ionic or covalence bonds 
in FEs constrain the elasticity in general, the 
FE domain evolution could provide an alter- 
native avenue to complete the super-elasticity 
in oxides instead of phase transformations. 
For example, perovskite BaTiO; (BTO) films 
(tetragonal phase), a classic FE and piezoelectric 
material, usually contain both a and c domains 
(6, 17). The transition between these a and c 
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domains may enable shape tolerability during 
the bending process. 

We synthesized BTO/Sr3Al,0g (SAO) hetero- 
structures by means of pulsed-laser deposition 
on (001) SrTiO; (STO) substrates (78). The sam- 
ples were immersed in the deionized water to 
dissolve the sacrificial SAO layer to obtain free- 
standing BTO membranes (J0). The synchrotron- 
based reciprocal space mapping (RSM) around 
the pseudocubic (002) and (103) reflections 
confirms the heteroepitaxial growth of the 
BTO (60 nm)/SAO film (Fig. 1B). We con- 
firmed the c axis-oriented BTO/SAO hetero- 
structure with the 0 to 20 pattern (fig. SI). We 
found the BTO showed a tetragonal phase with 
c/a = 1.024 and possessed along an out-of-plane 
polarization. The RSM pattern around the (002) 
and (103) peaks presented single-crystal charac- 
teristics in flexible BTO/polydimethylsiloxane 
(PDMS). We recorded a wide range of thick- 
nesses for the RSM of films (figs. S2 and S3). We 
used scanning electron microscopy (SEM) and 
atomic force microscopy (AFM) to determine 
the surface morphology and roughness of the 
large-scale transferred BTO membrane (fig. S4). 

We transferred large-area freestanding single- 
crystal BTO membranes onto a Cu grid with 
lacey carbon film. We imaged the 50-nm BTO 
membrane with a low-magnification plan-view 
scanning transmission electron microscopy 
(STEM) and atomic resolution high angle an- 
nular dark field CHAADF) STEM image (Fig. 1G). 
We also imaged freestanding and cross-sectional 
membranes (figs. S5 to $7). Under the irradia- 
tion of an electron beam, the freestanding BTO 
membrane looks like a translucent plastic layer 
on the porous carbon frame. This Z-contrast 
image presents a typical perovskite structure 
with four high-intensity Ba atomic columns 
and one low-intensity Ti atomic column (19). 
The precise atomic stacking matches well with 
the crystal structure of BTO. Interestingly, we 
identified the exquisite fringes we observed as 
equal inclination fringes with the so-called 
bend contours (20). The presence of exquisite 
bend contours in the hollow areas also proves 
the single-crystalline nature of the BTO mem- 
brane with a uniform thickness and the forma- 
tion of the buckling state. 

We then transferred the BTO membrane 
onto the Si substrate and tested the electrome- 
chanical properties using piezoresponse force 
microscopy (PFM). We applied V = +10 V to write 
an out-of-plane FE domain-switching image 
(Fig. 1H). We also measured the polarization- 
voltage loops that the BTO membranes trans- 
ferred on Pt/Si (fig. S8). We obtained explicit 
reversible switching of FE domains after 
positive- and negative-bias poling. We obtained 
the complete FE switching, as exhibited by the 
piezoelectric response loops (Fig. 11). 

During the preparation, some of the free- 
standing BTO membranes were folded (fig. S9). 
All these folded BTO membranes maintained 
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integrity and continuity without any cracks. 
These films behaved like flexible metallic films 
instead of brittle oxides. Furthermore, we bent 
the freestanding BTO membranes into several 
multilayer rolls (fig. S10), which were cut with a 
focus ion beam (FIB) to prepare cross-sectional 
transmission electron microscopy (TEM) sam- 
ples (Fig. 2A). We investigated the structure by 
choosing four positions with different bending 
strains labeled with W, X, Y, and Z (Fig. 2A). 
These areas had different curvatures. 

The Y area possessed the strain of up to 3.1% 
in the BTO roll (Fig. 2A and fig. S11). On the 
bottom of the BTO rolls, we can distinguish the 
five BTO layers, and we collected the selected- 
area electron diffraction pattern at the marked 
area covering all the layers (fig. S12). We found 
that all of the layers had the same orientation. 
The atomic-scale STEM image of the interface 
between two BTO layers in the Z area indi- 
cated that the connection between these BTO 
layers is by physical adsorption instead of 
chemical bonding (Fig. 2A). We found a clear 
Ba atomic column arrangement with a fan- 
shaped distribution and a continuous strain 
gradient from the cross-section atomic-scale 
STEM image of a bent BTO membrane (Fig. 2B). 
We distinguished two different strained regions, 
the tensile zone on the top and the compressive 
strain zone on the bottom. We mapped the 
accurate strain (e) distribution directly at the 
atomic scale by using geometrical phase anal- 
ysis (19, 21). We calculated strain maps of €,, 
and €,y, which range from —5 to +5% (Fig. 2C). 

When an FE membrane is bent, the tensile 
and compressive regions undergo different local 
polarization changes at the atomic scale (22, 23). 
We used HAADF-STEM to image a film with 
an overlay of the spontaneous polarization di- 
rection of BTO (Fig. 2D). We observed multiple 
polarization orientations in the region where 
the maximum strain is achieved €max — 3.1%. 
Compared with the RSM results, the domain 
structure was transformed from a single 
c-domain state to a multidomain state by the 
strain gradient during bending. We showed a 
more explicit relationship between the lattice 
distortion and the associated polarization using 
magnified images from different regions de- 
marcated in Fig. 2, D and E, which is associated 
with the flexoelectricity (24, 25). We analyzed 
a series of STEM images with varying con- 
ditions of strain to explore the variation of 
polarization orientation (fig. $13). With the 
increase of bending stress, the domain state 
evolved from c domains to a domains, and we 
found an intermediate state. The dipoles rotate 
continuously between the a and c domains by 
means of the intermediate state, which does 
not match the domain characteristics of a te- 
tragonal FE phase. To understand the influ- 
ence of strain on polarization, we performed 
atomistic simulations in bent BTO mem- 
branes (fig. S14). The simulations that were 
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used had a membrane thickness of 20 nm 
with the emax (close to 3.1%) applied. We 
selected four typical areas to examine the 
local dipole configuration (Fig. 2F). The polar- 
ization orientation was correlated with the strain 
states in the simulation. Typically, the polar- 
ization oriented upward in the compressive 
strain and tilted downward in the tensile 
strain while becoming horizontal near the 
neutral strain region, which was consistent 
with the experimental observations. 

The formation of rolls implies that the free- 
standing BTO membranes had excellent flex- 
ibility, which is a rare feature for functional 
oxide materials. We manipulated BTO nano- 
belts using in situ SEM. We fabricated free- 
standing BTO nanobelts using the FIB and 
handled them with the nano-manipulator tip 
in the SEM (fig. $15). We carried out the bend- 
ing tests on BTO nanobelts with thicknesses of 
60 and 120 nm, respectively (Fig. 3). We used 
one nano-manipulator tip to hold the BTO 
nanobelt (120 nm), and we used another nano- 
manipulator tip to push the BTO nanobelt to 
bend. This process allowed us to bend BTO 
nanobelts into different curvatures (Fig. 3A). 
We achieved a maximum strain of ~10% in the 
BTO nanobelt without any fracture (fig. S16), 
demonstrating excellent flexibility in this oxide 
material. We measured the evolution of the 
elastic properties of a BTO nanobelt (60 nm 
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in thickness) at a bending angle of 40° with 
different holding durations (Fig. 3B). We were 
able to instantly recover the strain from this 
BTO nanobelt. We recovered a large portion of 
the strain instantaneously even when increas- 
ing the bending angle up to 80° (Fig. 3C and 
movies S1 to S3). 

The conventionally brittle BTO has good 
shape recovery when prepared as nanobelts. 
The super-elasticity usually is associated with 
reversible phase transformations like those seen 
in shape-memory alloys (2, 26). The physical 
nature of elasticity, in general, is the tolerance 
that allows large shape deformation and the en- 
ergy conversion that provides the ability of 
recovery. We examined the BTO domain ar- 
chitectures under different bending configu- 
rations through TEM bright-field imaging (fig. 
S17), which confirmed that the domain structure 
is highly dependent on strain state. Additionally, 
we compared the Raman spectra of the flat and 
the rolled BTO membranes on glass substrates, 
which allowed us to exclude structural phase 
transition during the bending process (fig. S18). 
In the freestanding BTO membranes, we believe 
the FE domain switching to be responsible for 
the observed flexibility and super-elasticity. 

We carried out atomistic simulations on the 
microstructure evolution under mechanical 
bending in the BTO membranes at 300 K. 
Figure 4A shows the variation of bending 
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Fig. 1. Synthesis and characterizations of freestanding BTO membranes. Schematics (A and D), 
reciprocal space maps (B and E) around the (002)- and (103)-diffraction condition of STO, and optical 
photographs (C and F) of the BTO/SAO/STO heterostructure and flexible BTO membrane, respectively. 
rl.u., relative light units. (G) Plane-viewed HAADF-STEM images of freestanding BTO membrane supported 
by a Cu grid with lacey carbon film. (H) Out-of-plane PFM phase image of BTO transferred on Pt/Si. 

(I) Piezoelectric response of the BTO membranes transferred on Pt/Si. a.u., arbitrary units. 
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Fig. 2. Atomic-scale spatial 
distribution of continuous 

and curved lattice. (A) Cross- 
sectional STEM and TEM images of 
multilayer BTO roll with magnified 
images of the different regions, 
marked by W, X, Y, and Z. W, 
cross-sectional STEM image of 
freestanding BTO multilayer; 

X, the region with strainyzax 

~ 12%; Y, the region with strainmax 
~ 3.1%; Z, the region with near- 
zero strain. (B and C) Atomic- 
scale STEM and geometric 

phase analysis images of BTO. 
(D) Atomic-scale STEM together 
with Ti displacement of the 
region with strainmax ~ 3.1%. 

(E) Magnified images of the 

four regions from (D). Dipole 
displacements are amplified 

by a factor of 15 for clarity. 

(F) The dipole configurations 

in four selected areas of a 

bent membrane by atomistic 
simulations. Dipole displacements 
are amplified by a factor of 

50 for clarity. 


Fig. 3. In situ SEM bending test of BTO nanobelts. (A) Series of SEM images with the bending process of a BTO nanobelt (20 um by 4 um by 120 nm). 
(B and C) SEM images of the recovery process after the different bending states for a BTO nanobelt (20 um by 4 wm by 60 nm). 


Dong et al., Science 366, 475-479 (2019) 25 October 2019 


3 of 5 


RESEARCH | REPORT 


angle 0 (°) 


16 32 40 


Bending 
24 
0.20 ; T T T T , T 


—t- Loading 
—2— Unloading 


Bending moment (nNenm) 


0.00 


1 1 1 
0.04 0.06 0.08 


1 
0.02 


Maximum strain ¢,,.. 


0.12 


ae 


ge 


Ror 


a 


Fig. 4. Shape recovery of the BTO membrane upon bending at 300 K. 
(A) Variation of bending moment with bending angle 8 (and maximum 

strain €max) upon loading and unloading with sample width of 8 nm. 

(B to E) Typical snapshots of dipole configurations at different bending angles. 

The black and green arrows represent the dipoles with x components left and 
right, respectively, in the tensile region. The red and blue arrows represent the 
dipoles with y components up and down, respectively, in the compressive region. 
Dipole displacements are amplified by a factor of 50 for clarity. (F) Spatial 
distribution of angle deviation n with respect to the a or c nanodomain at 6 = 58°. 
n characterizes the deviation of dipole rotation with respect to the a or c domains 


by using the parameter n = 2/4 - |@ — (n*n/2 + 2/4)| for p €[n*n/2, (n +1)*x/2], 
where ¢ is the rotation angle of polarization concerning the central axis in each 
unit cell and n runs from 0 to 3. (G) Phase-field modeling of the domain structures 
of the bent BTO membrane. The colors are coded according to the orientations 
of the domains. (H and I) Schematic illustration of free energy landscape of bulk 
BTO and nanomembrane under bending, respectively. (H) Ta (Ta’) and T, (T’) refer 
to the tetragonal phases with a domains (polarized leftwards and rightwards) 
and c domains (polarized upwards and downwards) in bulk. (I) The energy barrier 
between a and c nanodomains drops markedly (indicated by the black arrow), 
allowing continuous rotation of dipoles in the bent membrane. 


moment as a function of bending angle 0 (and 
maximum strain €,x) upon a loading and un- 
loading cycle. The membrane deformed elas- 
tically, followed by the plastic flow. Further 
bending induced a continuous increase of the 
moment until the final drop, corresponding to 
the crack nucleation. Upon unloading before 
fracture, it almost traced back, resulting in a 
typical super-elastic behavior. The total recov- 
erable strain could reach ~10%, close to our 
experimental value. We calculated the loss 
factor of the mechanical hysteresis to be only 
~0.02, far below that of ~0.14 in zirconia shape- 
memory ceramics (6) and ~0.2 in Ti-Ni-Cu 
shape-memory alloys (27) at small scale. 

To understand the mechanism responsi- 
ble for such a substantial shape recovery, we 
examined the evolution of dipole configura- 
tions at the atomic scale. Before loading, we 
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identified the lattices as cnanodomains with 
polarization either upward (red arrows) or 
downward (blue arrows) (Fig. 4B). In the tensile 
regions, the vertical dipoles began to rotate 
clockwise or anticlockwise locally at a smaller 
bending angle (Fig. 4C). Large bending can pro- 
mote the local nanodomains to merge and 
transform into a@ nanodomains with polar- 
izations oriented left (black arrows) or right 
(green arrows) in the tensile region (Fig. 4D). 
As we applied the considerable bending angle, 
one oriented a@ nanodomain grew to cover the 
whole free surface, forming a 180° domain 
boundary with a few steps (Fig. 4E). The polar- 
izations prefer to be upward in the compres- 
sive region such that the 180° domain switching 
occurs from downward to upward in some local 
areas. Because the twin wall energy is usually 
very small in FEs (28-37), the energy cost of 
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forming such high-density nanodomains is not 
that high. The dipoles almost switch back upon 
unloading (movies S4 and S5). However, the a 
domains cannot revert to c domains completely 
in the tensile region (fig. S19). Thus, the mem- 
brane cannot achieve a full shape recovery, 
because of the irreversible transformation of 
domain patterns locally. 

We know the bulk BTO is brittle under a 
minimal strain. The fracture is usually origi- 
nated from the initiation of crack near the in- 
ternal flaw or along the grain boundaries. Two 
reasons might account for the flexibility in our 
BTO membranes. First, the flaw density is 
markedly reduced in such a smaller sample in 
comparison with its bulk counterpart. The pau- 
city of flaw would avoid stress concentration 
and suppress the nucleation of crack in the 
interior of the sample. Unlike the bulk where 
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180° and 90° domains usually form, we ob- 
served that dipoles rotate continuously in a 
transition zone connecting a and c domains 
(Fig. 4F and fig. S20), similar to the rotation 
of polarizations across the 180° twin walls ob- 
served in the tetragonal PbZro Tip ,O3 films 
experimentally (32, 33). The flexoelectric effect 
is the primary driving force for the polariza- 
tion rotation in a and c nanodomains far away 
from the neutral strain line (34) but only con- 
tributes partially in the transition zone (sup- 
plementary materials). The formation of such 
a continuous transition zone could largely elim- 
inate the mismatch stress in the coexisting c 
and @ nanodomains at high strain, avoiding 
the mechanical failure by the sharp domain 
switching. This transition zone exists in samples 
with a thickness ranging from 6.4 to 11.2 nm 
(fig. S21). In addition, Fig. 4G shows the do- 
main structure of the bent BTO membrane 
under a high strain, obtained from phase-field 
simulation. We observed a similar dipole confi- 
guration, consistent with the experimental and 
the atomistic simulation results. 

We emphasized that the continuous transi- 
tion occurs when the size reduces to the nano- 
scale (35-37). According to the phenomenological 
Landau theory (38, 39), four minima in the 
energy landscape exist in the bulk stress-free 
state, corresponding to two oriented a domains 
and c domains separately (Fig. 4H). Following 
the smaller-is-stronger trend (fig. S21), a high 
stress could be reached at nanoscale, and such 
high stress could modify the landscape mark- 
edly. Consequently, the energy barrier between 
aand c domains would be reduced, generating 
the metastable states in which dipoles are 
able to stay with some deviations from a or ¢ 
domains (Fig. 41). This metastable state in the 
transition zone could easily revert to the a- or 
c-domain state when removing the load. This 
would account for why we might observe shape 
recoverability at nanoscale rather than in bulk. 
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Combined with the intrinsic piezoelectricity 
and ferroelectricity and the flexoelectric effects 
(fig. S22 and S23) integrated by lattice and 
strain, especially in a two-dimensional struc- 
ture, the reported super-elasticity in the BTO 
membranes is expected to provide more degrees 
of freedom for a wide range of applications 
in nanotechnology. Additionally, the flexible 
FE membranes can also serve as a viable plat- 
form to explore strain-triggered correlated 
phenomena, such as functionality enhancement, 
FE domain engineering, and phase transitions, 
in future research. 
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Soil organisms, including earthworms, are a key component of terrestrial ecosystems. However, little is 
known about their diversity, their distribution, and the threats affecting them. We compiled a global 
dataset of sampled earthworm communities from 6928 sites in 57 countries as a basis for predicting 
patterns in earthworm diversity, abundance, and biomass. We found that local species richness and 
abundance typically peaked at higher latitudes, displaying patterns opposite to those observed in 
aboveground organisms. However, high species dissimilarity across tropical locations may cause 
diversity across the entirety of the tropics to be higher than elsewhere. Climate variables were found to 
be more important in shaping earthworm communities than soil properties or habitat cover. These 
findings suggest that climate change may have serious implications for earthworm communities and for 
the functions they provide. 


oils harbor high biodiversity and are 
responsible for a wide range of ecosys- 
tem functions and services upon which 
terrestrial life depends (7). Despite calls 


ground organisms (3, 7-9), although the 
patterns often depend on the size of the 
soil organism (10). 

Here, we analyzed global patterns in earth- 


for large-scale biogeographic studies 
of soil organisms (2), global biodiversity pat- 
terns remain relatively unknown, with most 
efforts focused on soil microbes (3-5). Con- 
sequently, the drivers of soil biodiversity, par- 
ticularly soil fauna, remain unknown at the 
global scale. 

Furthermore, our ecological understanding 
of global biodiversity patterns [e.g., latitu- 
dinal diversity gradients (6)] is largely based 
on the distribution of aboveground taxa. 
Yet many soil organisms have shown global 
diversity patterns that differ from above- 
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worm diversity, total abundance, and total 
biomass (hereafter “community metrics”). 
Earthworms are considered ecosystem engi- 
neers (77) in many habitats and also provide 
a variety of vital ecosystem functions and 
services (12). The provisioning of ecosystem 
functions by earthworms likely depends on 
the abundance, biomass, and ecological group 
of the earthworm species (73, 14). Consequently, 
understanding global patterns in community 
metrics for earthworms is critical for predict- 
ing how changes in their communities may 
alter ecosystem functioning. 
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Small-scale field studies have shown that 
soil properties such as pH and soil carbon 
influence earthworm diversity (11, 15, 16). For 
example, lower pH values constrain the diver- 
sity of earthworms by reducing calcium avail- 
ability (17), and soil carbon provides resources 
that sustain earthworm diversity and popu- 
lation sizes (11). Alongside many interacting 
soil properties (75), a variety of other drivers 
can shape earthworm diversity, such as cli- 
mate and habitat cover (11, 18, 19). However, 
to date, no framework has integrated a com- 
prehensive set of environmental drivers of 
earthworm communities to identify the most 
important ones at a global scale. 

Previous reviews suggested that earthworms 
may have high diversity across the tropics as a 
result of high endemism (JO). However, this 
high regional diversity may not be captured by 
local-scale metrics. Alternatively, in the temper- 
ate region, local diversity may be higher (20) 
but may include fewer endemic species (0). 
We anticipate that earthworm community 
metrics (particularly diversity) will not fol- 
low global patterns seen aboveground, and 
instead, as seen across Europe (15), will in- 
crease with latitude. This finding would be 
consistent with previous studies at regional 
scales, which showed that the species richness 
of earthworms increases with latitude (19). Be- 
cause of the relationship among earthworm 
communities, habitat cover, and soil properties 
on local scales, we expect soil properties (e.g., pH 
and soil organic carbon) to be key environ- 
mental drivers of earthworm communities. 

Here, we present global maps predicting 
local diversity (number of species), abundance, 
and biomass. (We use “local” in the sense of site- 
level: a location of one or more samples that 
adequately captured the earthworm commu- 
nity.) We collated 180 datasets from the litera- 
ture and unpublished field studies (164 and 16, 
respectively) to create a dataset spanning 57 
countries (all continents except Antarctica) 
and 6928 sites (Fig. 1A). We explored spatial 
patterns of earthworm communities and de- 
termined the environmental drivers that 
shape earthworm biodiversity. We then used 
the relationships between earthworm com- 
munity metrics and environmental drivers 
(table S1) to predict local earthworm com- 
munities across the globe. 

Three generalized linear mixed-effects mod- 
els were constructed, one for each of the 
three community metrics: species richness 
(calculated within a site), abundance per m7”, 
and biomass per m?. Each model contained 
12 environmental variables as main effects 
(table S2), which were grouped into six themes; 
“soil,” “precipitation,” “temperature,” “water 
retention,” “habitat cover,” and “elevation” 
[habitat cover and some soil variables were 
measured in the field; the remaining varia- 
bles were extracted from global data layers 
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based on the geographic coordinates of the 
sites (4)]. Within each theme, each model con- 
tained interactions between the variables. After 
model simplification, all models retained most 
of the original variables, but some interactions 
were removed (table S3). 


Consistent with previous results (20), local 
earthworm diversity predictions based on 
global environmental data layers resulted in 
estimates of one to four species per site across 
most of the terrestrial surface (Fig. 1B) (mean, 
2.42 species; SD, 2.19). Most of the boreal and 


subarctic regions were predicted to have low 
values of species richness, which is in line with 
aboveground biodiversity patterns (2/7, 22). 
However, low local diversity also occurred in 
subtropical and tropical areas, such as Brazil, 
India, and Indonesia, in contrast to commonly 
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Fig. 1. Global distribution of earthworm diver- 
sity. (A) Black dots represent the center of a 
“study” used in at least one of the three models 
(species richness, total abundance, and total 
biomass). The size of the dot corresponds to the 
number of sites within the study. Opaqueness is for 
visualization purposes only. (B to D) The globally 
predicted values of (B) species richness (within 
site), (C) total abundance, and (D) total biomass. 
Yellow indicates high diversity; dark purple, low 
diversity. Gray areas are habitat cover categories 
that lacked samples. 
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observed aboveground patterns, such as the 
latitudinal gradient in plant diversity (22). 
This pattern could be due to different relation- 
ships with climate variables. For example, al- 
though plant diversity increases with potential 
evapotranspiration (PET) (22), earthworm di- 
versity tended to decrease with increasing PET 
(table $3). In addition, soil properties, which 
are typically not included in models of above- 
ground diversity, can play a role in determin- 
ing earthworm communities (1, 15, 23). For 
instance, litter availability and soil nutrient 
content are important regulators of earthworm 
diversity, with oligotrophic forest soils having 
more epigeic species and eutrophic soils more 
endogeics (23). Furthermore, tropical regions 
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Fig. 2. The number of unique species within 
each latitudinal zone, when the number of sites 
within each zone is comparable. The width of the 
bar shows the latitude range of the sites/zones. 


with higher decomposition rates have fewer 
soil organic resources and lower local earth- 
worm diversity (Fig. IB and table S3), domi- 
nated by endogeic species, which have specific 
digestion systems that allow them to feed on 
low-quality soil organic matter (7, 14, 20). 

High local species richness was found at 
mid-latitudes, such as the southern tip of South 
America, the southern regions of Australia and 
New Zealand, Europe (particularly north of the 
Black Sea), and the northeastern United States. 
Although this pattern contrasts with latitudinal 
diversity patterns found in many aboveground 
organisms (6, 24), it is consistent with patterns 
found in some belowground organisms [ecto- 
mycorrhizal fungi (3), bacteria (5)], but not all 
[arbuscular mycorrhizal fungi (25), oribatid 
mites (26)]. Such mismatches between above- 
and belowground biodiversity have been pre- 
dicted (J, 7) but not shown across the globe 
for soil fauna at the local scale. 

The patterns seen here could in part be a 
result of glaciation in the last ice age, as well 
as human activities. Temperate regions (mid- 
to high latitudes) that were previously glaci- 
ated were likely recolonized by earthworm 
species with high dispersal capabilities and 
large geographic ranges (79) and through 
human-mediated dispersal [“anthropochorous” 
earthworms (J6)]. Thus, temperate commu- 
nities could have high local diversity, as seen 
here, but those species would be widely dis- 


Table 1. Model validation results. Cells in boldface show the “best” value when comparing between 
the main models (a mixture of sampled soil properties and SoilGrids data) and models containing only 
SoilGrids data. Values shown are mean square error [MSE; calculated for all predicted data (“Total”) 
and for tertiles (“Low,’ “Mid,” “High”)] following 10-fold cross-validation of the main models and 

models containing only SoilGrids data, as well as R* of the main models and SoilGrids-only models. 
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MSE: Main models 


Species richness 
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Species richness 
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tributed, resulting in lower regional diversity 
relative to local diversity. In the tropics, which 
did not experience glaciation, the opposite 
may be true. Specific locations may have in- 
dividual species that are highly endemic, but 
these species are not widely distributed (table 
$4). This high local endemism would result 
in low local diversity (as found here) and high 
regional diversity [as suggested by (J0)] rela- 
tive to that low local diversity. When the num- 
bers of unique species within latitudinal zones 
that had equal numbers of sites were calculated 
(ie., a regional richness that accounted for sam- 
pling effort), there appeared to be a regional 
latitudinal diversity gradient (Fig. 2). Even 
with a sampling bias (table S4), regional rich- 
ness in the tropics was greater than in the 
temperate regions, despite low local diversity. 
These results should be interpreted with cau- 
tion, given the latitude span of the tropical 
zones. However, the underlying data suggest 
that endemism of earthworms and f-diversity 
within the tropics (27) may be considerably 
higher than within the well-sampled temper- 
ate region (table S4). Therefore, it is likely that 
the tropics harbor more species overall. 

The predicted total abundance of the local 
community of earthworms typically ranged 
between 5 and 150 individuals per m” across 
the globe, in line with other estimates (28) (Fig. 
1C; mean, 77.89 individuals per m7; SD, 98.94). 
There was a slight tendency for areas of higher 
total abundance to be in temperate areas, such 
as Europe (particularly the UK, France, and 
Italy), New Zealand, and part of the Pampas 
and surrounding region (South America), rather 
than the tropics. Lower total abundance oc- 
curred in many of the tropical and subtropical 
regions, such as Brazil, central Africa, and parts 
of India. Given the positive relationship between 
total abundance and ecosystem function (29), 
in regions with lower earthworm abundance, 
such functions may be reduced or carried out 
by other soil taxa (1). 

The predicted total biomass of the local 
earthworm community (adults and juveniles) 
across the globe showed extreme values (>2 kg) 
in 0.3% of pixels, but biomass typically ranged 
(97% of pixels) between 1 g and 150 g per m” 
[Fig. 1D; median, 6.69; mean, 2772.8; SD, 
1,312,782; see (14) for additional discussion 
of extreme values]. The areas of high total 
biomass were concentrated in the Eurasian 
Steppe and some regions of North America. 
The majority of the globe showed low total 
biomass. In northern North America, where 
there are no native earthworms (13), high den- 
sity and, in some regions, higher biomass 
of earthworms likely reflect the earthworm 
invasion of these regions. The small invasive 
European earthworm species encounter an 
enormous unused resource pool, which leads 
to high population sizes (30). On the basis of 
previous suggestions (28), we expected that 
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Fig. 3. The importance of the six variable themes from the three biodiversity models. Rows show the 
results of each model (top, species richness; middle, abundance; bottom, biomass). Columns represent the 
variable themes that are present in the simplified biodiversity model. The most important variable group has 
the largest circle. Within each row, the circle size of the other variable themes is proportional to the relative 
change in importance. The circle size should only be compared within a row. 


earthworms would decrease in body size 
toward the poles, showing low biomass rel- 
ative to the total abundance in temperate or 
boreal regions. In contrast, in tropical regions 
(e.g., Brazil and Indonesia) that are dominated 
by giant earthworms that normally occur at 
low densities and low species richness (37), 
we expected high biomass but low abundance. 
However, these patterns were not found. This 
could be due to the relatively small number 
of sample points for the biomass model (n = 
3296) compared to the diversity (2 = 5416) 
and total abundance models (n = 6358), re- 
ducing the predictive ability of the model (fig. 
S1C), most notably in large regions of Asia 
and in areas of Africa, particularly the bound- 
aries of the Sahara Desert and the southern 
regions (which coincides with sites where sam- 
ples are lacking). Additionally, the difficulty 
in consistently capturing such large earthworms 
in every sample may increase data variability, 
reducing the ability of the model to predict. 

Overall, the three community metric models 
performed well in cross-validation (figs. S3 
and S4) with relatively high R? values [Table 1; 
see (J4) for further details and caveats]. But 
given the nature of such analyses, models and 
maps should only be used to explore broad 
patterns in earthworm communities and not 
at the fine scale, especially in relation to con- 
servation practices (32). 

For all three community metric models, 
climatic variables were the most important 
drivers (the “precipitation” theme being the 
most important for both species richness 
and total biomass models, and “temperature” 
for the total abundance model; Fig. 3). The 
importance of climatic variables in shaping 
diversity and distribution patterns at large 
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scales is consistent with many aboveground 
taxa [e.g., plants (22), reptiles, amphibians, 
and mammals (32)] and belowground taxa 
[bacteria and fungi (3, 5), nematodes (33)]. 
This suggests that climate-related methods 
and data, which are typically used by macro- 
ecologists to estimate aboveground biodiversity, 
may also be suitable for estimating earthworm 
communities. However, the strong link be- 
tween climatic variables and earthworm com- 
munity metrics is cause for concern, as climate 
will continue to change due to anthropogenic 
activities over the coming decades (34). Our 
findings further highlight that changes in tem- 
perature and precipitation are likely to influ- 
ence earthworm diversity (35) and distributions 
(15), with implications for the functions that 
they provide (72). Shifts in distributions may 
be particularly problematic in the case of in- 
vasive earthworms, such as in areas of North 
America, where they can considerably change 
the ecosystem (13). However, a change in cli- 
mate will most likely affect abundance and 
biomass of the earthworm communities be- 
fore it affects diversity, as shifts in the latter 
depend on dispersal capabilities, which are 
relatively low in earthworms. 

We expected that soil properties would be 
the most important driver of earthworm com- 
munities, but this was not the case (Fig. 3), 
likely because of the scale of the study. First, 
the importance of drivers could change at 
different spatial scales. Climate is driving 
patterns at global scales, but within climatic 
regions (or at the local scale), other variables 
may become more important (36). Thus, one 
or more soil properties may be the most im- 
portant drivers of earthworm communities 
within each of the primary studies, rather than 
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across them all. Second, for soil properties, the 
mismatch in scale between community metrics 
and the soil properties taken from global layers 
[for sites where sampled soil properties were 
missing (J4)] potentially reduced the apparent 
importance of the theme. Habitat cover in- 
fluenced the earthworm community (fig. S5, 
A and B), especially the composition of the 
three ecological groups (epigeics, endogeics, 
and anecics) (fig. S6) (74). Across larger scales, 
climate influences both habitat cover and 
soil properties, all of which affect earthworm 
communities. Being able to account for this 
indirect effect with appropriate methods and 
data may alter the perceived importance of 
soil properties and habitat cover [e.g., with 
pathway analysis (37) and standardized data]. 
However, our habitat cover variable did not 
directly consider local management (such as 
land use or intensity). 

Our findings suggest that climate change 
might have substantial effects on earthworm 
communities and the functioning of ecosys- 
tems; any climate change-induced alteration 
in earthworm communities is likely to have 
cascading effects on other species in these 
ecosystems (13, 28). Despite earthworm com- 
munities being controlled by environmental 
drivers similar to those that affect above- 
ground communities (22, 37), these relation- 
ships result in different patterns of diversity. 
We highlight the need to integrate below- 
ground organisms into biodiversity research, 
despite differences in the scale of sampling, if 
we are to fully understand large-scale patterns 
of biodiversity and their underlying drivers 
(7, 8, 38), especially if processes underlying 
macroecological patterns differ between above- 
ground and belowground diversity (38). The 
inclusion of soil taxa may alter the distribu- 
tion of biodiversity hotspots and conservation 
priorities. For example, protected areas (7) 
may not be protecting earthworms (7), de- 
spite their importance as ecosystem function 
providers (12) and soil ecosystem engineers 
for other organisms (17). By modeling both 
realms, aboveground/belowground compar- 
isons are possible, potentially allowing a clearer 
view of the biodiversity distribution of whole 
ecosystems. 
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High-surface-area corundum by mechanochemically 
induced phase transformation of boehmite 


Amol P. Amrute?*, Zbigniew Lodziana*, Hannah Schreyer’, Claudia Weidenthaler’, Ferdi Schiith’* 


In its nanoparticulate form, corundum (c-Alz03) could lead to several applications. However, its 
production into nanoparticles (NPs) is greatly hampered by the high activation energy barrier for its 
formation from cubic close-packed oxides and the sporadic nature of its nucleation. We report a simple 
synthesis of nanometer-sized o-Al,03 (particle diameter ~13 nm, surface areas ~140 m* g”’) by the 
mechanochemical dehydration of boehmite (y-AIOOH) at room temperature. This transformation is 
accompanied by severe microstructural rearrangements and might involve the formation of rare 

mineral phases, diaspore and tohdite, as intermediates. Thermodynamic calculations indicate that this 
transformation is driven by the shift in stability from boehmite to o-Al,03 caused by milling impacts on the 
surface energy. Structural water in boehmite plays a crucial role in generating and stabilizing a-Alz03 NPs. 


orundum (o-Al,O3) in high-surface-area 

nanoparticle (NP) form (J, 2) would enable 

a number of applications. For example, 

in auto-exhaust catalysis, gamma alumina 

(y-Al,03) is used in wash-coat formu- 
lations, but a-Al,O3 has higher mechanical 
stability and could be used directly as support 
without wash coating if available as NPs (3, 4). 
It could also provide improved hydrothermal 
stability when water is present in the exhaust 
gas. For ammonia synthesis, the presence of 
a-Al,Os in the catalyst formulation was shown 
to increase catalyst activity by threefold (5). 
Corundum is widely used in ceramic applica- 
tions, including dental implants, prostheses, and 
high-speed cutting tools, where high fracture 
strength and toughness is desired (6, 7). The 
use of nanoparticulate, fine-grained corundum 
precursors would allow the manufacture of 
ceramics with improved fracture toughness 
and high density at reduced sintering temper- 
atures, enabling energy savings (6, 7). 

A number of studies—mostly theoretical 
(1, 8-10) but a few experimental (7, 2)—have 
addressed the thermodynamics and synthesis 
of corundum NPs. However, none of the ef- 
forts made has thus far resulted in a method 
for the fabrication of high-purity corundum 
with surface areas reaching or even exceeding 
100 m? ¢ (J, 2, 17). One reason for this lack of 
success may be the high activation energy 
barrier (485 kJ mol’), requiring temperatures 
above 1473 K, to facilitate a rearrangement of 
oxide ions from the cubic close-packed struc- 
ture found in transition aluminas to the hex- 
agonally close-packed form in corundum 
(Fig. 1, middle) (9, 12). This transition typical- 
ly leads to substantial mass transfer during 
the transformation that is associated with 
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a loss in surface area, generally to values well 
below 10 m? g. 

Thermodynamic calculations coupled to ad- 
sorption microcalorimetry and thermogravi- 
metric analyses by Navrotsky et al. suggest that 
at room temperature, y-Al,O; could actually 
be the thermodynamically most stable phase 
for NPs, corresponding to surface areas of 100 
to 200 m? g? (J, 13). At 800 K, y-Al,O3 might 
become stable even at lower surface areas. 
Thus, a high-temperature process, which tends 
to lead to the formation of the most stable 
phase, should never lead to high-surface-area 
o-Al,O3. However, density functional theory 
simulations by Nerskov et al. showed that 
the surface energy, and thus the stability, of an 
alumina polymorph depends strongly on the 
size of the crystallite and degree of hydrox- 
ylation (9). 

Accordingly, some hydroxylated surfaces of 
alumina polymorphs, especially 6-Al,Os3, but 
also a-Al,O3, should have negative surface 
energies, and the nanocrystalline form of alu- 
mina should become thermodynamically most 
stable. In fact, a later study by Navrotsky et al. 
also showed lower surface energy for the hy- 
droxylated form of a-Al,O3 than for a similarly 
hydroxylated y-Al,O3 irrespective of the surface 
area (13). Hence, o-Al,O3 with a high surface 
area >100 m? g? could be accessible and syn- 
thesizable, but numerous studies to date have 
proven unsuccessful at producing it through 
the thermal route at 1500 K. 

The topotactic transformation of diaspore 
(a-AlIOOH) to o-Al,O3 produces corundum at 
moderate temperatures of 800 to 873 K (Fig. 1, 
top) (/, 14), but the synthesis of stable diaspore 
requires very harsh conditions (723 K, 1200 bar, 
35 days) (15, 16). Mechanochemical reactions 
such as that induced by ball milling, which 
finds increasing attention as a simple, eco- 
nomical, and scalable method for the prep- 
aration of nanomaterials and for carrying 
out chemical reactions (77-20), have also been 
reported as a method to obtain o-Al,O3 from 
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y-Al,O3 (21, 22). Nonequilibrium processes in- 
volved in breaking and making chemical bonds 
by mechanical energy input enable this phase 
transformation to take place at room temper- 
ature. However, y-Al,O3 undergoes continuous 
agglomeration until it fully transforms to 
a-Al,O3, which severely reduces the specific 
surface area (by a factor of >2.2) (27). 

The observed effect might be related to the 
so-called “milling equilibrium” between cold 
welding, leading to the formation of larger 
agglomerates, and fragmentation, producing 
smaller particles (23). The dominance of one 
process over the other determines the even- 
tual size of the produced particles. As y-Al,O3 
is softer (bulk modulus, Byp = 196.9 GPa, and 
shear modulus, Gyr = 97.45 GPa; see table S1), 
it could undergo excessive cold welding, which 
would cease with the formation of harder o-Al,O3 
(Byr = 239.6 GPa and Gyr = 138.6 GPa), as 
harder materials are difficult to cold weld and 
also difficult to further fragmentize without 
external aids. 

We first approached this problem by perform- 
ing ball milling of y-Al,O3 in the presence of 
process control agents (PCAs), which are known 
to limit cold welding and enhance fragmen- 
tation (23). Stearic acid, alcohols, and heavier 
alkanes are commonly used as PCAs (23). How- 
ever, we opted for water as an environmentally 
benign and cost-effective PCA. The ball-milling 
experiments were performed in a vibration mill. 
Typically, 1 g of precursor powder is charged 
in the tungsten carbide (WC) vessel with three 
WC balls (see section S2 of the supplementary 
materials for more details). The effect of abra- 
sion of milling balls, the vessel, or both caused 
contamination of the samples with WC after 
milling. WC was selectively removed by an 
oxidative leaching step for all the samples ob- 
tained using the WC milling jar and media 
(supplementary text and fig. S1). Ball milling of 
y-Al,O3 (denoted as y-Al,O3-1, Sper = 109 m” g; 
see fig. S2A for morphology) in the presence 
of 1 to 5 weight % (wt %) H,O for 120 min 
fully transformed the material into o-Al,O3, 
but the surface area dropped to 70 m? ¢ | (fig. 
S2B). This decrease in surface area is simi- 
lar to its ball milling without water (fig. S2C). 
A further increase in H,O to 15 wt % resulted 
in no phase transformation of y-Al,O3, sug- 
gesting that an excess amount of water in 
the system is detrimental because it might 
reduce the energy transfer during the mill- 
ing impact. 

These results suggest that high-surface-area 
y-Al,O3 is a suitable precursor for the produc- 
tion of a-Al,O3 with moderately high surface 
area, but that alternative precursors might be 
better. Ball milling was also reported to convert 
boehmite to o-Al,O3 (24), but there is no in- 
formation on the surface area, intermediates, 
or agglomeration phenomena, and thus it re- 
mains unclear whether boehmite could lead to 
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Fig. 1. Methods for the synthesis of o-Al203. 

In contrast to the harsh conditions needed in 
conventional routes (top and middle), ball milling 
(bottom) enables us to synthesize o-Al203 in 

the nanoparticulate form at room temperature from 
easily accessible boehmite precursors. Bottom 
insets show the crystal structures (two-unit cells) 
of boehmite [crystal system: orthorhombic; space 
group: Cmcm (27)], diaspore [crystal system: 
orthorhombic; space group: Pbnm (28)], tohdite 
[crystal system: hexagonal; space group: 

P63mc (10)}, and o-Alz0z3 [crystal system: 
hexagonal-trigonal; space group: R3c no. 167 (29)] 
along the c-axis. In boehmite, aluminum and oxygen 
atoms form double layers of octahedra that 
sandwich hydrogen atoms in a zigzag manner. The 
diaspore structure consists of the “double rutile 
strings” formed by the aluminum-centered oxygen 
octahedra and involves hexagonal close packing 

of the oxygen ions (AB-AB...). The tohdite structure 
is composed of oxygen planes stacked in the 
sequence of A-B-A-C-A... and a unit cell contains 
10 Al atoms, eight of which occupy octahedral and 
two tetrahedral sites. In the a-AlsO3 structure, 
each Al** center is octahedrally coordinated and 
the oxygen ions form a hexagonal close-packed 
structure with the aluminum ions filling two-thirds 
of the octahedral interstices. Atom colors are as 
follows: Al, blue; O, pink; and H, black. 
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Fig. 2. Evolution of the a-Alz03 phase and changes in the surface area 
upon ball milling of boehmite. (A) Diffractograms of y-AIOOH-1 before and 
after ball milling at room temperature in the vibration mill. Milling conditions: WC 
jar (25 cm), 3 x 12 mm WC balls, 1 g of powder charge, fiyiy = 25 Hz, t = 10 to 
720 min. Identified crystalline phases: <>, y-AIOOH; @, a-Alz03; and A, a-AIOOH. 
(B) Surface area and hydrodynamic diameter of particles versus milling time for 


y-AIOOH (circles) and y-Al203 (triangles) precursors. (© and D) TEM images of 
60-min ball-milled y-AIOOH-1 (€) and 180-min ball-milled y-AIOOH-1 (D). The ball 
milling of boehmite leads to the formation of a-Als03 with diaspore and/or 
tohdite (fig. S4A) intermediates. The formation of the latter relies on the milling 
conditions. The phase transformation to a-Alz03 proceeds through severe 
microstructural rearrangements. 


high-surface-area corundum. Boehmite attracted 
our interest also because it formally has one 
water molecule in its structure per alumina 
(i.e., 15 wt % water with respect to alumina) 
and can be economically produced, for ex- 
ample, by a modified Bayer process of bauxite 
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refining (25). With this material, an effective 
milling impact can still be achieved, and the 
structural water of boehmite, which will be 
released upon its dehydration to alumina, 
could act as a PCA to limit cold welding or to 
facilitate the fragmentation of agglomerates. 
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On the basis of these considerations, we ball 
milled a boehmite sample (denoted as y-AIOOH-1; 
Sper = 89 m? g”!; see fig. S3 for morphology) 
for different ies using a WC jar and media 
(Fig. 2A). The boehmite phase remained mostly 
unaltered upon ball milling for up to 30 min, 
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A 30 Fig. 3. Free energy of y-Al203 and y-AlIOOH 
20 | y-Al2O3 with respect to a-Al,03 as a function 
46. of surface area at standard state 
a-Al,03 (T = 298.15 K and P = 1 bar). Data in 
ay 0 (A) correspond to the conditions discussed 
2 -10 in (1), where at high surface area, y-Al203 is 
= -20+ y-AIOOH thermodynamically more stable than a-Al,03. 
= -30 4 (B) Modification of boehmite surface in the 
= -401 milling process effectively increases the surface 
ee energy of this compound (above 4 J m™°: fig. S7), 
which drives the conversion to o-Al203 above 
al 108 m? g™ (C) Alumina surface hydroxylation 
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a-Al,03 becomes the most stable phase above 
52 m* g. For the corresponding data for 
diaspore and tohdite, see figs. S8 and S9. 


Table 1. Surface area, phase composition, and domain size of boehmite before and after ball milling using a WC jar and media in the vibration mill 
and after calcination of the ball-milled sample. 


Entry Sample Before milling After 180 min of milling* 
Sper (m? g") Phaset+ Domain size(nm)t Sper (m*g 1) Phase 
1 y-AIOOH-1 89 b 17 125 c+d 


Sper (m? g™) 


After calcination of the milled sample at 823 K 


Phase Domain size (nm) 


366 b 


4 y-AlOOH-4, dried 


*Other ball-milling conditions can be found in the legend to Fig. 2A. 


application of the Scherrer equation to the corresponding XR 


but x-ray diffraction (XRD) reflections corre- 
sponding to a-Al,O3 and a-AIOOH appeared 
after 60 min of milling. Further continuation 
of milling for 180 min fully converted boehmite 
to a mixture of corundum (major, ~70 to 80%) 
and diaspore (minor, ~20 to 30%). Similar re- 
sults were obtained upon ball milling of boehmite 
with a steel milling jar and media (fig. S4A), ex- 
cept instead of diaspore, another mineral phase, 
tohdite (5Al,03-H,O, which is structurally sim- 
ilar to o-Al,O3, see Fig. 1, bottom insets, and 
rearranges to the latter upon dehydration), 
was detected. 

The observation of these rare phases by ball 
milling of boehmite was surprising because their 
formation normally requires extremely harsh 
conditions (16, 26). However, in view of the 
thermodynamic analysis (see below), the for- 
mation of such phases is possible for the high- 
surface-area systems, which was confirmed by 
performing experiments under variable condi- 
tions (fig. S5). In the ball milling of y-Al,O3, no 
intermediate phase was observed (21, 22), which 
we confirmed by milling y-Al,O3-1 for different 
times (fig. S2C). 

Ball milling of boehmite for 720 min led to 
the formation of pure a-Al,O; (Fig. 2A and 
fig. S4A), showing that these intermediates can 
also be transformed to the desired corundum 
phase (alternatively, the remaining diaspore 
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after 180 min of milling can be topotactically 
converted to a-Al,O3 by a mild calcination at 
823 K; Fig. 2A, green diffractogram). This re- 
sult indicates that the conversion of these phases 
is slower compared with that of boehmite, 
likely because they are mechanically harder 
(table S1). Increased milling frequency (30 Hz) 
led to a faster transformation of boehmite and 
intermediates to a-Al,O3 (fig. S4B and table S2). 

These results show that the formation of 
intermediates depends on the milling condi- 
tions and that high impact energy favors the 
nucleation of the o-Al,O3 phase. This finding 
was substantiated by ball milling of boehmite 
in the planetary mill using steel, sintered corun- 
dum, or zirconia milling jars and media. The 
higher impact and friction forces involved in 
planetary milling led to the direct formation of 
a-Al,O3 (see fig. S6). Notably, milling equip- 
ment made of corundum can also be used to 
exclude the presence of any foreign material 
by abrasion. 

We obtained deeper insight into the phase 
transformation discussed above from the thermo- 
dynamic analysis of the involved phases (see 
section S4 of the supplementary materials). 
At standard state, y-AIOOH should be the most 
stable phase irrespective of the surface area 
(Fig. 3A and table S3). For the dense bulk phases, 


the thermodynamic stability decreases in the 
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tidentified crystalline phases: b, boehmite; d, diaspore; and c, corundum. 
D pattern (see section S3 in the supplementary materials for more details). 


140 c 


+Domain size determined by the 


order y-AIOOH > o-Al,Oz > y-Al,O3 and above 
a surface area of 190 m? g”’, y-Al,O; becomes 
more stable than corundum. This trend agrees 
with those reported for these alumina poly- 
morphs (73). Assuming that water vacancies 
are the primary defects among others (see sec- 
tion S4 in the supplementary materials), the 
modification of y-AIOOH by ball milling effect- 
ively increases its surface energy and reverses 
the mutual stability orders as follows: o-Al,O3 > 
y-AlOOH > y-Al,O3 (Fig. 3, B and C, and fig. $7). 
At asurface area >108 m? ¢”? for the anhydrous 
state and 52 m? g’! for the hydroxylated state, 
a-Al,O3 becomes the thermodynamically most 
stable phase, which provides the driving force 
for the boehmite-to-corundum transformation. 

Mechanochemical conversion is a nonequi- 
librium process in which intermediates can be 
observed. Comparison of the surface energies 
of diaspore and tohdite with boehmite and 
corundum suggests that boehmite has the 
largest thermodynamic driving force for its 
conversion under our milling conditions (figs. 
S8C and S9). Thus, intermediate phases such 
as diaspore or tohdite could also form, to- 
gether with the most stable a-Al,O3. Diaspore 
or tohdite would also ultimately convert to 
a-Al,O3, but the driving force for their con- 
version is lower and requires longer times or 
higher milling intensity. 


3 of 5 


RESEARCH | REPORT 


Counts (-) 


0 5 10 15 20 
(nm) 


partie 


Average particle = 13 NM 
Std. dev. = 6 nm 


0.02 


0.01 


dV/dW Pore volume (cm* g* nm‘) 


bad 
° 
r=) 


b 
Oo 


Volume (cm? g~') 
s 


0 
0.0 0.5 1.0 


Relative pressure (P/P°) 


25 30 35 1 


TTT 
10 100 


pore (nm) 


Fig. 4. Properties of nanoparticulate a-Al,03 derived by ball milling of boehmite. (A) TEM and (B and C) high-resolution TEM of nanoparticulate o-Al,03 
obtained by 180-min ball milling of y-AIOOH-1, followed by calcination at 823 K. (D) Particle size (dparticle) distribution from TEM images of nanoparticulate a-Alz0s. 
(E) Pore size distribution determined by the application of density functional theory model to the No isotherm. Inset in (E) shows No adsorption-desorption isotherms. 
Ball-milling—derived o-Al,03 from boehmite is composed of rounded NPs (dparticle = 13 nm) with surface roughness and defects and pores in the range of 3 to 10 nm. 


To determine whether these phase changes 
involve agglomeration, fragmentation, or both 
phenomena, we further characterized the ball- 
milled boehmite and y-Al,03 samples. The sur- 
face area gradually decreased with milling time 
for y-Al,O and reached a plateau after 120 min 
(full conversion to o-Al,O3; Fig. 2B). This result 
is in agreement with previous work (21). Like- 
wise, boehmite also displayed a loss in surface 
area during the first 60 min of milling, which 
suggests that agglomeration was also promi- 
nent for boehmite in the initial phase of milling. 
A faster decrease in surface area for boehmite 
compared with y-Al,03 likely reflects their dif- 
ferent mechanical properties (table S1); boeh- 
mite is softer and prone to cold weld faster 
than y-Al,O3. 

However, in contrast to y-Al,O3, the surface 
area was recovered after 60 min for the boeh- 
mite precursor (Fig. 2B; see table S2 for steel 
milling jar and media). To understand this 
difference, the samples were characterized by 
dynamic light scattering (Fig. 2B). An increase 
in the hydrodynamic diameter during the first 
hour of milling and a subsequent decrease upon 
further milling indicated that the sample was 
agglomerated during the first hour of milling, 
and then these agglomerates were fragmented 
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into smaller NPs. This process was visualized 
by transmission electron microscopy (TEM) 
analysis (Fig. 2, C and D). Agglomeration of 
the sample milled for 60 min was seen, and 
finely rounded NPs were detected after 180 min 
of milling. Thus, the structural water in boeh- 
mite seems to play a crucial role in generating 
and stabilizing the corundum NPs. Water re- 
leased during the dehydration of boehmite to 
a-Al,O could create fissures in the agglomer- 
ates that facilitate their disintegration during 
milling, and the formed NPs of a-Al2O3 would 
be stabilized through hydroxylation of the sur- 
face by the released water. Hydroxylation has 
been demonstrated to lower the surface energy 
of o-Al,O3 (23). Further evidence highlighting 
the effect of structural water was derived by 
ball milling of boehmite at elevated temper- 
atures (373 to 473 K) (fig. S10). 

The o-Al,O3 NPs derived by ball milling using 
WC jar and balls, followed by mild calcination, 
were further characterized in depth (Fig. 4). 
TEM images showed that the NPs ranged in 
size from 4 to 32 nm, with an arithmetic aver- 
age particle size (particle) Of 13 nm (standard 
deviation = 6 nm) (Fig. 4, A and D). The domain 
size determined by the application of the 
Scherrer equation to the corresponding XRD 
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pattern was 18 nm (Table 1). High-resolution 
TEM showed that the NPs display a crystalline 
rather than an amorphous surface (Fig. 4B). 
Determination of the d spacing at different 
spots provided an average value of 2.079 A, 
which agrees well with the 2.085 A d spacing 
for the (113) plane of a-Al,O3. 

The TEM images also showed some irregu- 
larity, surface roughness, or defects as well as 
some pores on the NPs (Fig. 4C). Pore size deter- 
mined from N2 sorption analysis using the den- 
sity functional theory model indicated that pores 
in the size range from 3 to 10 nm were present 
(Fig. 4E), which might include a contribution 
from interparticle pores. The surfaces were also 
highly dehydrated (fig. S11). Thus, the observed 
surface area can be attributed to nanometer- 
sized particles and a combination of surface 
roughness, defects, and pores. Similar results 
were obtained for other boehmite precursors 
of a different nature (i.e., different particle size, 
surface area, and water contents; see Table 1, 
figs. S12 to S14, and corresponding captions). In 
all cases, full boehmite conversion was achieved 
after 180 min of milling, with surface areas for 
a-Al,Oz exceeding 130 m” g 7. 

Boehmite and related compounds were found 
to be highly effective and economically accessible 
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Higher-fitness yeast genotypes are less robust to 


deleterious mutations 


Milo S. Johnson*2%, Alena Martsul*, Sergey Kryazhimskiy**, Michael M. Desai"2*5* 


Natural selection drives populations toward higher fitness, but second-order selection for adaptability 
and mutational robustness can also influence evolution. In many microbial systems, diminishing-returns 
epistasis contributes to a tendency for more-fit genotypes to be less adaptable, but no analogous 
patterns for robustness are known. To understand how robustness varies across genotypes, we measure 
the fitness effects of hundreds of individual insertion mutations in a panel of yeast strains. We find 
that more-fit strains are less robust: They have distributions of fitness effects with lower mean 

and higher variance. These differences arise because many mutations have more strongly deleterious 
effects in faster-growing strains. This negative correlation between fitness and robustness implies that 
second-order selection for robustness will tend to conflict with first-order selection for fitness. 


he dynamics and outcomes of adaptive 

evolution depend on the genetic varia- 

tion available to a population. Because 

mutations interact epistatically, the avail- 

ability and strength of beneficial and de- 
leterious mutations can vary across genotypes 
(1). As “first-order” natural selection drives pop- 
ulations toward higher fitness, “second-order” 
selection can favor genotypes with better pro- 
spects for future evolution, steering popula- 
tions into regions of the fitness landscape with 
better uphill prospects (i.e., that are more adapt- 
able) or into “flatter” regions with fewer or less 
steep downhill paths (i.e., that are more robust to 
deleterious mutations) (2-5). Although second- 
order selection has been observed in microbes, 
viruses, and digital organisms (4-8), our un- 
derstanding of how and why genotypes dif- 
fer in their robustness and adaptability is 
incomplete. 

Many laboratory microbial populations dis- 
play a consistent pattern of declining adapt- 
ability, such that less-fit genotypes adapt more 
rapidly than more-fit genotypes (9-13). This 
is at least partially explained by “diminishing- 
returns” epistasis, in which individual benefi- 
cial mutations become less beneficial in more-fit 
genetic backgrounds (12-15). In contrast to 
adaptability, genetic variation in mutational 
robustness has not been systematically char- 
acterized, and no analogs to diminishing re- 
turns or the rule of declining adaptability are 
known. There is evidence for both antagonist- 
ic and synergistic epistasis between pairs of 
deleterious mutations (16-19), but little is known 
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about how the entire distribution of fitness 
effects (DFE) of deleterious mutations changes 
across different genetic backgrounds and whether 
robustness, like adaptability, depends system- 
atically on fitness. 

There are several ways to define and mea- 
sure mutational robustness (2-4). In this work, 
we consider only the single-step mutational 


Library Creation acs 
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neighborhood of a genotype. We define robust- 
ness on the basis of the DFE of single mutations 
and refer to strains in which these mutations 
are more deleterious on average as less robust 
(though the appropriate precise definition of 
mutational robustness can depend on the full 
DFE and the specific population genetic ques- 
tion). To understand genetic variation in single- 
step mutational robustness, we aim to measure 
how the DFE varies across genotypes and how 
these differences arise from epistasis at the 
level of individual mutations. To do so, we 
would ideally like to measure the fitness ef- 
fects of identical large sets of random muta- 
tions in multiple genotypes. This would allow 
us to compare the DFE of these mutations 
across genotypes and to identify the genetic 
basis of differences in robustness. 

To this end, we developed a pipeline to mea- 
sure the effects of sets of specific insertion mu- 
tations in a panel of Saccharomyces cerevisiae 
genotypes (Fig. 1). Briefly, we transform yeast 
strains with transposon mutagenesis libraries 
derived from (20), in which each plasmid is 
tagged by multiple specific DNA barcodes. 
Homology-directed repair then creates the 
same set of transposon insertion mutations 
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Fig. 1. Schematic of mutagenesis and fitness-assay pipeline. Plasmids with different colors indicate 
different regions of homology from the yeast genome. BC, barcode; Seg., segregant; Tn7, transposon 7. 
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Fig. 2. DFEs of 
insertion mutations. 
(A) DFEs in the 

large library experiment. 
Segregants are organized 
by background fitness. 
Color represents the 
fraction of mutations 
for each segregant in 
each fitness-effect 

bin (scale bar at right). 
(B) Relationship 
between background 
fitness and the mean 0 5 
of the DFE for the large 
library experiment 

(P = 0.03, two-sided 

t test). (C) DFEs in the : ee ices 
small library experiment. re 

Color represents the 
fraction of mutations 
for each segregant in 
each fitness-effect bin 
(scale bar at right). 

(D) Combined DFE of 
most-fit and least-fit 
quartile of segregants in 
the small library experi- 
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in each strain. We propagate the resulting 
mutant pools in batch culture and measure 
barcode-frequency trajectories to estimate the 
fitness effect of each mutation in each strain 
(21) (figs. S1 and S2). Using this approach, we 
conducted two experiments to measure mu- 
tational robustness in F1 segregants derived 
from a yeast cross between a laboratory and 
a wine strain (BY and RM). These segregants 
differ at more than 35,000 loci and have pre- 
viously been sequenced and phenotyped (22). 
They vary in fitness (across a 22.5% range) in 
our focal environment, and those with lower 
fitness are more adaptable (9). 

In the first, “large library” experiment, we 
transformed 18 randomly chosen segregants 
from (9) with libraries consisting of 1147 muta- 
tions (fig. S3) (27). Although these are not a 
random sample of all naturally occurring mu- 
tations in yeast, they represent an unbiased set 
of genomic disruptions. Because of gene essen- 
tiality, differences in cloning or transformation 
efficiency, or other complications, we were un- 
able to measure the fitness effect of every muta- 
tion in every segregant [analysis of the effects of 
missing data is in (27) and fig. S4]. We success- 
fully measured the effects of 710 mutations in at 
least one segregant (on average, 414 per segre- 
gant). Of these 710, 457 (64%) had no detectable 
fitness effects in any segregant. Most remaining 
mutations were deleterious, and their DFE 
varied systematically across strains. Specifical- 
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ly, the mean fitness effect of these mutations 
decreases with the background fitness of the 
segregant (i.e., more-fit segregants tend to be 
less robust with respect to random insertion 
mutations, P = 0.03, two-sided ¢ test) (Fig. 2, A 
and B, and fig. S5). 

Because we only measured fitness effects 
across 18 segregants in our large library exper- 
iment, and 64% of the mutations were indis- 
tinguishable from neutral, we were unable to 
detect more-subtle changes in the DFE or to 
connect DFE-level changes to patterns of epis- 
tasis for individual mutations. To address this 
limitation, in our second experiment we trans- 
formed a larger group of 163 randomly chosen 
segregants with a “small” library, created by 
selecting a subset of 91 insertions from our 
large library that had significant fitness ef- 
fects in the largest number of segregants (27). 
This small library filters out insertions with 
undetectable or rare effects but is otherwise 
unbiased. 

Again, we find that the mean of the DFE 
decreases as segregant fitness increases (Fig. 2, 
C to E). We also find significant correlations 
between background fitness and the variance 
and skew of the DFE: more-fit segregants have 
wider DFEs that are skewed toward more- 
deleterious mutations (Fig. 2, C, F, and G, and 
fig. S6). These results imply that mutational 
robustness is negatively correlated with back- 
ground fitness. This suggests that second-order 
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selection for robustness could be constrained 
by conflict with first-order selection for fitness. 

The DFE is composed of individual muta- 
tions. To understand why the shape of the DFE 
varies between segregants, we examined how 
the effects of these individual mutations vary. 
We observe a variety of types of epistasis (Fig. 3 
and fig. S7), including nearly constant effects 
across backgrounds (e.g., PAH], MME1) and 
diminishing returns (e.g., SIR3). However, the 
most frequent pattern (48 cases) is “increasing- 
cost” epistasis such that the mutation is more 
deleterious in more-fit segregants (Figs. 3 and 
4A). This is the deleterious-mutation analog of 
diminishing-returns epistasis. Notably, this 
effect can cross zero: Some mutations are ben- 
eficial in the least-fit segregants, neutral in 
intermediate-fitness segregants, and deleteri- 
ous in higher-fitness segregants (e.g., RPLIG6A). 
This negative correlation is not universal; six 
mutations exhibit the opposite pattern (e.g., KRI1). 

In addition to background fitness, specific 
genetic loci can influence the fitness effects of 
individual mutations (e.g., NOP16) (Fig. 3). We 
used the same procedure as in (9, 22) to iden- 
tify such quantitative trait loci (QTLs) for each 
mutation (fig. S8). To quantify how these QTLs 
and background fitness explain the variation 
in the fitness effect of each mutation, we fit 
three linear models to our data (27). The “fit- 
ness” model includes segregant fitness as the 
only predictor. The “QTL” model includes only 
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segregant genotype at a small number of QTLs. 
The “full model” includes both segregant fit- 
ness and QTL effects. 

We find that at least one of these three 
models is significantly better than the null 
model without epistasis for 71 of the 80 muta- 
tions for which we have measurements in at 
least 50 segregants (Fig. 4B). For mutations 
in which the fitness model has explanatory 
power (64 cases, 80.0%), most are more dele- 
terious in more-fit backgrounds (58 cases), 
and most of these are deleterious on average 
(ie., exhibit increasing-cost epistasis, 48 cases). 
QTLs have explanatory power in 60 cases 
(75.0%), but because many QTLs also affect 
segregant fitness, QTL and fitness contribu- 
tions are confounded. To understand which of 
our models best explains the fitness effects of 
each mutation while involving as few param- 
eters as possible, we compare the Akaike in- 
formation criterion (AIC) of each model. The 
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Background Fitness 


AIC is lowest for the background fitness mod- 
el for 10 mutations (12.5%), the QTL model 
for 16 mutations (20%), and the full model for 
45 mutations (56.25%). However, even when 
the background fitness model does not have 
the lowest AIC, in many cases it explains close 
to as much variation as the QTL or full model. 
One potential explanation for increasing-cost 
epistasis is that mutations have effects during 
the saturation phase of our batch culture prop- 
agation, and more-fit strains are less robust 
because they spend longer in saturation. We 
measured fitness within a single growth cycle 
and found that this is not the case. Instead, dif- 
ferences in fitness arise almost exclusively dur- 
ing exponential growth (27) (figs. S9 to S11). 
To understand why faster-growing strains 
are less robust, we looked for functional simi- 
larities among genes disrupted by mutations 
with similar epistatic patterns [by mutations 
whose fitness effects were modified by the 
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same QTL (fig. $12) or by mutations with strong 
fitness-mediated epistasis (27)]. We found en- 
richment in several Gene Ontology (GO) terms 
among such genes at P < 0.05 (though none 
remain significant after multiple-hypothesis 
correction) (table S1) (23). Most notably, the 
fitness-mediated epistasis set and the set asso- 
ciated with the most commonly observed QTL 
are enriched for ribosome- and translation- 
related functions. This QTL is also the stron- 
gest background fitness QTL and includes 
variants in KRE33, a gene involved in small 
ribosomal subunit assembly (9). Metabolic con- 
trol theory provides a possible link between 
this functional information and increasing- 
cost epistasis. Specifically, it predicts that a 
deleterious mutation in one enzyme will have 
a weaker effect if other enzymes in any se- 
quential biological pathway are already de- 
fective, given that fitness is correlated with 
metabolic flux through that pathway (18, 24). 
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This also applies to sequential pathways in 
transcription and translation (25), so increas- 
ing costs epistasis could arise because more-fit 
segregants have a better-optimized ribosome 
synthesis or protein synthesis pathway and 
therefore experience greater costs when dele- 
terious mutations affect these pathways. Al- 
though these results are not definitive, they 
suggest that further generalizations could be 
drawn from a deeper understanding of the cell- 
physiological basis of fitness-mediated epistasis. 

Our results are limited to the analysis of in- 
dividual gene disruption mutations in a specific 
set of yeast strains, and it is possible that other 
types of mutations (e.g., regulatory changes or 
second-step mutations) exhibit different pat- 
terns. However, to the extent that the patterns 
of fitness-dependent epistasis observed in this 
research and in previous work on beneficial 
mutations (9-15) hold more broadly and over 
multiple mutational steps, their net effect is a 
predictable change in the local properties of 
the fitness landscape as populations adapt. 
This local mutational neighborhood becomes 
less favorable in more-fit genotypes: Uphill 
steps become flatter or even change to down- 
hill, and many downhill paths become steeper. 
On such landscapes, first-order selection for 
high-fitness genotypes conflicts with second- 
order selection, and populations evolve toward 
more-fit but less robust and less adaptable 
genotypes. Thus, even if true fitness peaks exist, 
populations may never attain them, instead 
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reaching a dynamic balance between benefi- 
cial and deleterious mutations (26). 
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Microbial metabolites control the thymic development 
of mucosal-associated invariant T cells 


Francois Legoux?*, Déborah Bellet?, Celine Daviaud*, Yara El Morr’, Aurelie Darbois', Kristina Niort’, 
Emanuele Procopio’, Marion Salou’, Jules Gilet’, Bernhard Ryffel®, Aurélie Balvay’, Anne Foussier’, 
Manal Sarkis*®, Ahmed El Marjou’, Frederic Schmidt®, Sylvie Rabot?, Olivier Lantz’”** 


How the microbiota modulate immune functions remains poorly understood. Mucosal-associated 
invariant T (MAIT) cells are implicated in mucosal homeostasis and absent in germ-free mice. 
Here, we show that commensal bacteria govern murine MAIT intrathymic development, as 

MAIT cells did not recirculate to the thymus. MAIT development required RibD expression in 
bacteria, indicating that production of the MAIT antigen 5-(2-oxopropylideneamino)-6-p- 
ribitylaminouracil (5-OP-RU) was necessary. 5-OP-RU rapidly traveled from mucosal surfaces 

to the thymus, where it was captured by the major histocompatibility complex class Ib molecule 
MRI. This led to increased numbers of the earliest MAIT precursors and the expansion of 

more mature receptor-related, orphan receptor yt—positive MAIT cells. Thus, a microbiota-derived 
metabolite controls the development of mucosally targeted T cells in a process blurring the 
distinction between exogenous antigens and self-antigens. 


ucosal-associated invariant T (MAIT) 

cells are evolutionarily conserved T cells 

that recognize vitamin B2 precursor 

derivatives [5-(2-oxopropylideneamino)- 

6-p-ribitylaminouracil (5-OP-RU)] pre- 
sented by the major histocompatibility complex 
class Ib molecule MR1 (J). These derivatives are 
produced by most bacteria and yeasts but not 
by animal cells (2). MAIT cells have been im- 
plicated in human pathologies associated with 
microbiotal dysbiosis (3-6). In mice, mature, 
receptor-related orphan receptor yt-positive 
(RORyt*) MAIT cells play beneficial roles in 
maintaining intestinal homeostasis (5, 7). Germ- 
free (GF) mice lack MAIT cells (8, 9), but the 
underlying mechanisms are unknown. Here, 
we report that vitamin B2 metabolites are di- 
rectly transferred into the thymus and pre- 
sented to thymocytes, driving the intrathymic 
expansion of RORyt* MAIT cells. Thus, com- 
mensal bacteria influence barrier homeostasis 
by controlling the thymic production of T cells 
targeted to mucosae. 

To investigate the role of the microbiota in 
MAIT development, we compared thymic MAIT 
frequencies of mice under specific pathogen- 
free (SPF) and GF conditions (0). As recently 
described (8), the number of MR1:5-OP-RU 
tetramer* (MAIT) cells was reduced in the thy- 
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mus (Fig. 1A), as well as in the spleen (Fig. 1B), 
lungs (Fig. 1C), and colon (fig. SIA), of GF mice. 
By contrast, invariant natural killer T iNKT) 
cells, a T cell subset with different specificity 
but parallel development (J/, 12), were not re- 
duced in GF mice (fig. S1B) (13). We then char- 
acterized the developmental defect of MAIT 
cells as described previously (8). HSA*CD44~ 
(Heat-stable antigen-positive, CD44-negative) 
immature MAIT cells (8) were reduced in 
GF mice (Fig. 1, D and E). A few cells reached 
the HSA CD44* most mature stage (Fig. 1, D 
and E) and expressed the lineage-defining 
transcription factor PLZF (promyelocytic leu- 
kemia zinc finger) at normal levels (fig. S1C). 
These MAIT cells may be selected by empty 
MRI or by MRI loaded with unknown self- 
ligands. We compared the sublineage choice 
of mature MAIT cells in SPF and GF mice 
using CD122 and CD138 to identify the T-bet* 
MAITI and RORyt* MAITI7 subsets, respec- 
tively (fig. SID). MAIT17 cells were decreased 
in GF mice in both the thymus (Fig. 1, F and 
G, and fig. SIF) and spleen (fig. SIE). Ac- 
cordingly, MAIT cells in GF mice were skewed 
toward interferon (IFN)-y production with re- 
duced interleukin (IL)-17 production (Fig. 1H). 

To directly assess the role of microbiota on 
MAIT development, adult GF mice were co- 
housed with SPF mice. Upon microbial coloni- 
zation, MAIT frequencies increased first in the 
thymus, then in the spleen and lungs (Fig. 1, A 
to C), without reaching in the periphery the 
levels of mice colonized at birth. In the thymus, 
numbers of both immature HSA* and mature 
CD44* MATT cells increased and reached SPF 
levels 2 weeks after microbial colonization 
(Fig. 1D). The increase in mature thymic MAIT 
numbers was accounted for by the expansion 
of MAIT17 cells, whereas MAIT1 numbers re- 
mained unchanged (Fig. 1E). Thus, commen- 
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sal microbes are necessary for the complete 
thymic maturation of MAIT17 cells. 

MAIT cells may expand in the periphery and 
circulate back to the thymus, thereby explain- 
ing the reduced frequency of mature MAIT 
cells in GF thymi. We used parabiosis of B6- 
MAIT@* mice, which exhibit increased fre- 
quency of MAIT cells compared with C57BL/6 
mice (fig. S2A) (14), to address this possibility 
(fig. S2B). Only 2.5 + 1% (SEM) of mature 
thymic MAIT cells originated from the other 
parabiont, indicating minimal migration from 
the periphery (Fig. 2A). Few MAIT cells also 
migrated into Mri! parabionts (fig. S2C). 
Accordingly, MAIT17 cells were highly prolif- 
erative (Ki67*) within the thymus but not in 
the spleen (Fig. 2B). Finally, MAIT frequency 
was unaffected in the thymus, spleen, and 
lungs of B6-MAIT@*' Jn~/~ mice (fig. $2, D 
and E), which lack B cells. Thus, B cells are 
not required for MAIT development. 

Given the similarities in the thymic differ- 
entiation process of iNKT and MAIT cells 
(12, 15, 16), their discordant dependency on 
microbiota suggested a role for T cell receptor 
(TCR) specificity and antigen (Ag) availability 
in the thymus. Therefore, we measured expres- 
sion levels of Nur77, a transcription factor 
correlated with TCR signaling strength (7). 
Nur77 was expressed in MAIT17 cells in the 
thymus but not in the spleen or in the MAIT1 
cells of either organ (Fig. 2C). Thus, MAIT17 
cells receive strong TCR signals in the thymus. 
We then investigated whether the phospha- 
tidylinositol 3-kinase (PI3K) pathway, which 
controls proliferation in lymphocytes (18), was 
involved in MAIT development. Deletion of 
phosphatase and tensin homolog (PTEN), a 
negative regulator of PI3K activity, had no 
effect on the number of MAIT1 cells, yet caused 
a 53-fold increase in MAIT17 numbers in the 
thymus but not the spleen (Fig. 2D). This 
suggested that the PI3K pathway was active in 
thymic MAIT17 cells. The discrepancy between 
MAITI and MAIT17 behaviors may result from 
the expression of several inhibitory receptors, 
such as the TCR inhibitor Ptpn22, by MAIT1 
cells (fig. S2F) (12). The ability of both MAIT 
subsets to signal through the TCR was evalu- 
ated in vitro. Although the majority of MAIT17 
cells expressed Nur77 in response to 5-OP-RU, 
only a fraction of MAIT1 cells did (fig. S2G), 
indicating that TCR signaling was inhibited 
in this subset. Thus, only MAIT17 cells receive 
strong TCR signals and proliferate in a PI3K- 
dependent manner in the thymus. 

In GF mice, MAIT17 cells expressed lower 
levels of Ki67 (Fig. 2E), as well as lower levels 
of Nur77 (Fig. 2F), indicative of reduced TCR 
signaling. Nur77 expression was lower in im- 
mature HSA‘ cells from GF mice, which indi- 
cates that the microbiota contributed to TCR 
stimulation in these cells as well. We recently 
reported increasing TCR VB8 expression in 
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Fig. 1. Rapid development of 
MAIT17 cells upon colonization 
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MAIT cells during thymic maturation (19). In 
GF mice, VB8 expression did not increase with 
MAIT maturation (Fig. 2G), consistent with a 
role for microbiota-derived Ags in shaping the 
thymic development of MAIT cells. 

The ability of a bacterial strain to trigger 
MAIT TCRs strictly correlates with the ability 
to produce an intermediary compound of the 
vitamin B2 biosynthesis pathway, 5-amino- 
ribityl uracil (5-A-RU), which reacts with meth- 
ylglyoxal to generate 5-OP-RU (20-22). Because 
microbial metabolites may circulate in the 
body (23, 24), and colonization with com- 
mensal microbes results in the expansion of 
Nur77™ MAIT cells in the thymus, we inves- 
tigated whether 5-OP-RU could be captured 
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and presented by thymic cells. In vitro incu- 
bation with synthetic 5-OP-RU, but not 5-A- 
RU, resulted in the up-regulation of MRI at 
the cell surface of thymocytes, indicating effi- 
cient capture by intracellular MR1 (fig. S3A). 
Using an in vitro assay, we compared the abil- 
ity of cells from different tissues to capture 
and present synthetic 5-OP-RU. Thymic cells 
were 50 times more efficient than splenocytes 
at activating 5-OP-RU:MRI1-specific TCR-Tg 
reporter cells in vitro (Fig. 3A and fig. S3B). 
Thymic cells from GF mice also captured and 
presented synthetic 5-OP-RU to reporter cells 
in vitro (fig. S3C). By contrast, thymocytes were 
no better than splenocytes at capturing and pre- 
senting the iNKT ligand a-galactosylceramide 
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(aGalCer) to aGalCer:CD1d-specific TCR Tg 
cells (fig. S3D). 

To study the in vivo dynamics of 5-OP-RU, 
we injected decreasing doses of 5-OP-RU (or 
aGalCer control) intraperitoneally into wild- 
type or Mri" mice. In mice administered 
with aGalCer, cells from the spleen and liver, 
but not the thymus, activated aGalCer:CD1d- 
specific reporter cells in vitro (fig. S3D). Thus, 
thymocytes did not capture circulating aGalCer, 
confirming the current view of the thymus 
being hermetic to circulatory Ags. By contrast, 
in mice receiving 5-OP-RU, thymic cells were 
more efficient at activating 5-OP-RU:MRI- 
specific reporter cells in vitro than were cells 
isolated from the periphery (Fig. 3B). Thus, 
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systemic 5-OP-RU was efficiently captured and 
presented by thymic cells. The presentation of 
5-OP-RU was MR1 dependent as thymic cells 
from MrI-'~ mice did not activate reporter 
cells. Neither 5-A-RU nor the nonstimulatory 


MR1 ligand acetyl-6-formylpterin (Ac6FP) acti- 
vated reporter cells after injection (fig. S3E). 
Accordingly, injection of 5-OP-RU, but not 
5-A-RU, triggered Ki67 expression in endog- 
enous MAIT17 cells (Fig. 3C). Single-positive 


thymocytes, double-positive (DP) thymocytes, 
dendritic cells, and medullary and cortical thy- 
mic epithelial cells isolated as outlined in fig. 
S3F were all able to activate reporter cells upon 
in vitro incubation with 5-OP-RU. However, 
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Fig. 2. MAIT17 cells receive TCR signals and proliferate in the thymus. 

(A) Representative flow cytometry of MAIT cells in the blood (left) and thymus 
(center) of CD45.1/2 and CD45.2/2 congenic B6-MAIT°*' parabiotic mice. 
Data are shown as mean + SEM; N = 3 independent experiments, n = 2 biological 
replicates per experiment. Right: Chimerism of MAIT cells in the indicated 
tissues. (B) Top: Representative flow cytometry of HSA°CD44* MAIT cells from 
thymus and spleen. Data are shown as mean + SEM; N = 4 experiments, 

n =1replicates. Bottom: Proportion of Ki67* cells in the indicated MAIT subset. 
(C) Top: Representative flow cytometry of HSA°CD44* MAIT cells from thymus 
and spleen; N = 3 experiments, n = 1 replicates. Bottom: Mean fluorescence 
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of HSA -CD44* MAIT cells from thymus of the indicated mice. Data are shown 
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DP thymocytes were the most potent antigen- 
presenting cells (APCs) (Fig. 3D). After 5-OP-RU 
injection, DP thymocytes, dendritic cells, and 
epithelial cells all captured and presented 5-OP- 
RU in an MR1-dependent fashion (Fig. 3E). 
We then investigated whether 5-A-RU or 
5-OP-RU could reach the thymus from outside 
of the body. When painted onto the intact skin 
of mice, no aGalCer was detected in any tissue 
(fig. S3G). By contrast, only thymic cells from 
mice painted with 5-OP-RU, but not 5-A-RU, 
activated reporter cells (Fig. 3, F and G). Thus, 
some 5-OP-RU from the skin was captured in 
the thymus but not by other sampled tissues. 
The cutaneous application of 5-OP-RU, but not 
5-A-RU, also activated endogenous thymic 
MAIT cells, as well as splenic MAIT cells to a 
lesser extent (fig. S3H). 5-OP-RU was detected 
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in the thymus 1 hour after cutaneous applica- 
tion or after oral gavage (Fig. 3H). Thus, exog- 
enous 5-OP-RU rapidly reaches the thymus 
and is presented to MAIT thymocytes by var- 
ious APCs. 

MAIT cell development may be directly de- 
pendent upon the production of 5-OP-RU by 
commensal bacteria. To control for microbial 
factors not associated with 5-OP-RU produc- 
tion, we used Escherichia coli strains with 
genetic deletion of vitamin B2 enzymes either 
upstream (ARibD) or downstream (ARibE) of 
5-A-RU production (22) (Fig. 4A). 

GF mice were monocolonized with either 
ARibD or ARiDvE E. coli. MAIT frequency re- 
mained low in thymus and lungs of mice 
colonized with ARibD bacteria. By contrast, 
colonization with ARibE bacteria induced 


MAIT development and migration into lungs 
(Fig. 4B). 5-OP-RU production by bacteria was 
required for thymic expansion of MAIT17 cells 
(Fig. 4, C and D). 5-OP-RU production also 
controlled increased numbers of immature 
HSA* MAIT cells (Fig. 4C). This may reflect 
either positive selection of new MAIT cells or 
the expansion of preselected HSA* MAIT cells. 
These results were confirmed with the wild- 
type commensal bacterial species Enterococcus 
hirae (vitamin B2 proficient) and Enterococcus 
faecalis (vitamin B2 deficient) (25) (fig. S4, A to 
E). Thus, 5-OP-RU production by commensal 
bacteria is required for the complete matura- 
tion of thymic MAIT cells. 

To test whether 5-A-RU-derived Ags are 
sufficient to induce MAIT development, SPF 
and GF mice were injected with various doses 
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Fig. 3. Vitamin B2 metabolite 5-OP-RU can cross mucosal barriers and 
reach the thymus for presentation to MAIT cells. (A) Relative activation of 
reporter splenocytes incubated with total cells from the indicated tissues 
pulsed with 5-OP-RU. Data are shown as mean + SEM; N = 3 independent 
experiments, n = 1 biological replicate per experiment. (B) Activation of reporter 
splenocytes incubated with total cells from the indicated tissues harvested 

3 hours after intraperitoneal injection of 5-OP-RU. Data are shown as mean + 
SEM; N = 2 experiments, n = 1 replicate. (C) Left: Representative flow cytometry 
of MAIT17 thymocytes 24 hours after intraperitoneal injection of the indicated 
molecule (5 nmol); N = 2 experiments, n = 2 replicates. Right: Proportion 

of Ki67* MAIT17 cells in the indicated condition. PBS, phosphate-buffered saline. 
(D) Activation of reporter splenocytes incubated with thymic APCs isolated by 
fluorescence-activated cell sorting and pulsed with 5-OP-RU. Data are shown as 
mean + SEM; N = 2 experiments. DC, dendritic cell; mTEC, medullary thymic 
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epithelial cell; cTEC, cortical thymic epithelial cell. (E) Left: Representative flow 
cytometry of reporter splenocytes incubated with thymic APCs from Mrl-’~ 

or Mr1* mice previously injected with 5-OP-RU (5 nmol). Data are shown as 
mean + SEM; N = 3 experiments, n 2 1 replicates. Right: Activation of reporter 
splenocytes incubated with the indicated APCs. (F) Representative flow cytometry 
of reporter splenocytes incubated with total thymocytes from mice to which 
aGalCer (5 nmol) or 5-OP-RU (5 nmol) was painted on intact skin 3 hours before 
tissue harvest. As a positive control, thymocytes were incubated with 5-OP-RU 

(1 uM). Data are shown as mean + SEM; N = 3 experiments, n = 1 replicates. 

(G) Summary of the data obtained as in (F). (H) Activation of reporter splenocytes 
incubated with thymocytes or splenocytes from mice having received 5-OP-RU 
(5 nmol) either on the skin (left panel) or through oral gavage (right panel) 

for the indicated times before tissue harvest; N = 2 experiments, n = 1 replicates. 
**p < 0.01, ***p < 0.001, ****p < 0.0001 by Student's t tests. 
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Fig. 4. 5-OP-RU produced by 
commensal bacteria controls MAIT 


oe 
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poad 


cell development in the thymus. 

(A) Left: Representative flow cytometry 
of reporter splenocytes incubated 

with thymocytes previously cocultured 
with 10” colony-forming units/ml 

of the indicated strain of E. coli. 

Data are shown as mean + SEM; 
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ment. Right: Summary of the data. 

(B) Left: Representative flow cytometry 
of cells from the thymus (top) and 


SPF 


lungs (bottom) of the indicated mice; 
N = 2 experiments, n = 2 replicates. 
Right: MAIT cell numbers in the thymus 
(top) and MAIT frequencies in the 
lungs (bottom) of the indicated mice. 
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of 5-OP-RU. These injections induced a dose- 
dependent depletion of thymic MAIT cells in 
GF mice (Fig. 4E), likely a result of negative 
selection. MAIT cells were also depleted from 
the thymus of SPF mice but required higher 
doses of 5-OP-RU, suggesting that additional 
factors induced by the microbiota promoted 
MAIT survival. MAIT development was not 
impaired in Myds8s"'~ or Tir3-~ mice (fig. 
S4F), ruling out a role for Toll-like receptor- 
dependent microbial sensing. Because myeloid 
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differentiation factor 88 is necessary for sig- 
naling through IL-1 receptor family members, 
IL-1, IL-18, and IL-33 are therefore dispens- 
able for MAIT development. Aryl hydrocarbon 
receptor, IFN-y, and IFN-y receptor were also 
dispensable for MAIT development (fig. S4F), 
suggesting the involvement of other microbiota- 
induced mediators in MAIT expansion and 
maintenance. 

To test whether 5-OP-RU, together with an 
unknown bacterially induced factor(s), con- 
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5-OP-RU injections 


5-OP-RU injections 


trolled MAIT maturation, low doses of 5-OP- 
RU (10 pmol) were injected into GF mice (Fig. 
4E) and GF mice monocolonized with ARibD 
bacteria (Fig. 4, B to D). Injections of 5-OP-RU 
resulted in increased MAIT numbers in the 
thymus (Fig. 4B), in association with increased 
HSA* and CD44 MAIT numbers (Fig. 4C). 
The injection of Ac6FP or 5-A-RU had no effect 
on MAIT cells (Fig. 4B), indicating that meth- 
ylglyoxal from the mouse cannot react in vivo 
with 5-A-RU to form agonist ligands. Thus, 
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bacterial metabolites such as 5-OP-RU drive 
the thymic expansion of MAIT17 cells. 

The results of this study help to explain how 
the microbiota can influence the host at distant 
sites through the production of metabolites. 
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Broadly protective human antibodies that target the 
active site of influenza virus neuraminidase 
Daniel StadIbauer’7*, Xueyong Zhu>*, Meagan McMahon’, Jackson S. Turner’, Teddy J. Wohlbold=>°, 


Aaron J. Schmitz*, Shirin Strohmeier’, Wenli Yu*, Raffael Nachbagauer’, Philip A. Mudd’, 
lan A. Wilson®*}, Ali H. Ellebedy*t, Florian Krammer't 


Better vaccines against influenza virus are urgently needed to provide broader protection against diverse 
strains, subtypes, and types. Such efforts are assisted by the identification of novel broadly neutralizing 
epitopes targeted by protective antibodies. Influenza vaccine development has largely focused on 

the hemagglutinin, but the other major surface antigen, the neuraminidase, has reemerged as a potential 
target for universal vaccines. We describe three human monoclonal antibodies isolated from an 
H3N2-infected donor that bind with exceptional breadth to multiple different influenza A and B virus 
neuraminidases. These antibodies neutralize the virus, mediate effector functions, are broadly protective 

in vivo, and inhibit neuraminidase activity by directly binding to the active site. Structural and functional 
characterization of these antibodies will inform the development of neuraminidase-based universal 


vaccines against influenza virus. 


easonal influenza virus infections cause 
substantial global morbidity and mor- 
tality annually. In addition, pandemics 
occur at irregular and unpredictable in- 
tervals and can claim millions of lives. 
Current seasonal influenza vaccines induce 
narrow, strain-specific immune responses, and 
their effectiveness varies according to how 
well they match the circulating virus strains 
(1). These vaccines also do not protect against 
new pandemic or emerging viruses. There- 
fore, broadly protective or universal influenza 
virus vaccines are urgently needed (2). Current 
vaccines are designed to induce antibody re- 
sponses against the major surface glycoprotein 
of the virus, the hemagglutinin (HA) (3). Anti- 
bodies to HA, specifically to its immunodo- 
minant globular head domain, can block virus 
binding to its sialic acid receptor, but such 
activity is often restricted to the vaccine strain. 
Antibodies to the less dominant HA stalk have 
been shown to have much greater breadth 
within and across influenza A groups 1 and 2, 
and rarely also to influenza B viruses (4-7). 
The second major virus surface glycoprotein 
is the neuraminidase (NA), which cleaves the 
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terminal sialic acid from N-linked glycans that 
also act as receptors (8). The enzymatic activ- 
ity of NA is important for releasing incoming 
viruses trapped by glycans of natural defense 
proteins on mucosal surfaces and for the re- 
lease of nascent viruses as they bud from in- 
fected cells. Anti-NA antibodies can block 
interactions between NA and its substrate 
(9, 10). NA monoclonal antibodies (mAbs) 
and NA vaccination protect against influenza 
virus lethal challenge in animal models (9-15). 
Furthermore, NA vaccination in guinea pigs 
can prevent virus transmission (J6). Most im- 
portant, anti-NA antibodies independently cor- 
relate with protection from infection in field 
studies, as well as in human challenge studies 
(17-19). 

The dominant antigenic sites on HA mutate 
at a high rate because of immune pressure, the 
error rate of the polymerase, and the high 
plasticity of its globular head domain (20). NA, 
on the other hand, exhibits a slower drift that 
is generally discordant with that of HA (27, 22). 
Therefore, antibody responses against NA 
typically show broader cross-reactivity; how- 
ever, this breadth has been assumed to be lim- 
ited to the respective subtype (N1 to N9 for 
influenza A viruses) (8). Here, we report three 
clonally related mAbs derived from plasma- 
blasts isolated from an H3N2-infected individ- 
ual that show broad heterosubtypic binding 
to NAs from influenza A group 1 (N1, N4, N5, 
N8), group 2 (N2, N3, N6, N7, N9), and influ- 
enza B viruses (Fig. 1A). 

Single plasmablasts were sorted from peri- 
pheral blood mononuclear cells (PBMCs) on 
day 5 after the onset of symptomatic illness, 
and the corresponding immunoglobulin heavy 
and light variable (GHV and IGLV) chain 
genes were cloned and expressed as previously 
described (23). The mAbs were then screened 
for binding to recombinant H3 HA, N2 NA, 
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nucleoprotein, and matrix protein 1. Three 
antibodies from this screening (of 45 mAbs 
isolated)—1G04, 1E0O1, and 1G01—bound to 
the N2 NA of the seasonal influenza virus 
strain A/Hong Kong/4801/2014 (H3N2), which 
is presumably closely related to the strain that 
caused the infection. The antigen-binding frag- 
ments (Fabs) of 1G04, 1E01, and 1G01 bound 
with low nanomolar affinities to the N2 NA of 
A/Hong Kong/4801/2014 (fig. S1). 1G04, 1E01, 
and 1G01 form a three-member clonal family 
where IGHV3-20 and IGKV1-9 encode the IGHV 
and IGLV genes, respectively (Fig. 1B). The 
plasmablasts producing the three mAbs most 
likely originated from memory B cells, as evi- 
denced by the accumulation of many somatic 
hypermutations, particularly in the IGHV genes. 
Alignment of the heavy chain amino acid se- 
quences of each mAb to the germline gene, 
IGHV3-20*04, showed that 1G04, 1E0O1, and 
1G01 differ at 12, 14, and 19 positions, respec- 
tively (Fig. 1B). 

Upon further characterization, the three anti- 
bodies displayed broad binding to recombi- 
nant N2 NA (group 2) from seasonal and avian 
influenza viruses (Fig. 1A and table S1). Fur- 
thermore, 1G04 showed some cross-reactivity 
to N3 and N6 (group 2) and N1, N5, and N8 
(group 1), as well as weak binding to influenza 
BNA (Fig. 1C). 1E01 showed a broader binding 
pattern that included group 1 NAs (NI, N5, 
and N8) and group 2 NAs (N3, N6, N7, and 
N9Q), as well as strong binding to influenza B 
NA from the B/Victoria/2/87 lineage and weak 
binding to the NA of the B/Yamagata/16/88 
lineage. Finally, mAb 1G01 showed the broad- 
est binding activity that covered all group 1 NAs 
(N1, N4, N5, and N8) and group 2 NAs (N2, N3, 
N6, N7, and N9), as well as NAs from both 
influenza B virus lineages (Fig. 1C). 

We next examined the functional capacity 
of the three mAbs in an enzyme-linked lectin 
assay (ELLA) that measures neuraminidase in- 
hibition (ND (Figs. 1D and 2A, fig. S2, and table 
$2). 1G04 inhibited N2, N3, and certain N1 NAs, 
whereas 1E01 inhibited group 2 NAs, N1 NAs, 
and B/Victoria/2/87 lineage NAs. 1G01 inhib- 
ited the activity of all A/group 2 and group 
1 NAs and B/Victoria/2/87 lineage NAs (Fig. 
1D, Fig. 2A, and fig. S2). NA activity can be 
inhibited by antibodies binding directly to epi- 
topes within the enzyme active site or through 
steric hindrance when antibodies bind proxi- 
mal to the active site. However, NI through 
steric hindrance is only observed in the ELLA 
when larger substrates, such as fetuin, are used. 
When small molecules are used as substrate, 
as in an NA-Star assay, antibodies that do 
not bind directly to the active site might not 
inhibit (9, 10). When tested in the NA-Star 
assay, all three mAbs potently inhibited NA 
activity, hinting at a binding footprint within 
the NA active site (Fig. 2B and fig. $3). For 
1G01 [50% inhibitory concentration (IC;9) of 
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Fig. 1. Breadth of mAbs 1G04, 1E01, and 1GO01. (A) Phylogenetic tree of influenza 
A and B virus NAs. The reactivity breadth of the three mAbs is indicated. The 
scale bar represents a 6% change in amino acids. The tree was built using amino 
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their closest germline immunoglobulin genes as identified by NCBI IgBlast. 
(C) Heat map of antibody binding to recombinant protein in enzyme-linked 
immunosorbent assay. The minimal binding concentration is indicated. (D) Heat 


acid sequences in ClustalOmega and visualized in FigTree. (B) Alignment of the 
amino acid sequences of each mAb heavy chain (top) and light chain (bottom) to 


1.35 nM], this notion was confirmed using 
the Fab instead of the full antibody in ELLA to 
remove any steric hindrance contribution by 
the fraction crystallizable (Fc) region to inhi- 
bition. The 1G01 Fab still displayed potent 
inhibition (ICs9 of 7.62 nM), which indicates 
that the antibody may be directly targeting the 
active site (Fig. 2C). Interestingly, a germline- 
reverted version of 1G04 also potently inhibited 
NA activity in the ELLA assays (Fig. 2D). All 
three antibodies inhibited an oseltamivir- 
resistant H3N2 virus with potency similar to 
what we observed with a susceptible control 
virus (fig. S4). Typically, anti-NA antibodies 
do not show activity in neutralization assays 
in vitro (9), but all three mAbs showed strong 
inhibitory activity in assays against various 
N2 viruses (Fig. 2E and fig. $5). Although this 
effect is not due to inhibition of viral entry into 
cells, it reflects the strong NI activity of the 
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mAbs in blocking virus egress and replication 
necessary for a positive readout in that as- 
say. Of note, the mAbs neutralized and inhi- 
bited the H3N2 A/Philippines/2/1982 virus 
more potently than it did the more recent 
H3N2 A/Hong Kong/4801/2014 virus (Fig. 
1D, Fig. 2E, and fig. S5), which may be due to 
the patient’s initial exposure/imprinting to 
H3N2 viruses in the 1980s when the patient 
was born. In addition to Fab-based antiviral 
activity, Fe receptor (FcR)-mediated effector 
functions, such as antibody-dependent cellular 
cytotoxicity (ADCC), are important for some 
broadly protective anti-HA antibodies and have 
also been detected for anti-NA antibodies (9, 24). 
All three mAbs showed activity against a panel 
of different NAs in an ADCC bioreporter as- 
say, even when they exhibited weak binding 
(e.g., 1GO4 binding to influenza B NA) (Fig. 2F 
and fig. S6). 
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map of antibody activity in ELLA NI assays. The |Cso is indicated. For 
reassortant strains, virus strain names correspond to the NA of the virus used. 


To elucidate the epitopes of the three mAbs 
and the structural basis of their broad protec- 
tion, we determined crystal structures of 1G04 
with the N9 NA from the recent H7N9 epi- 
demic isolate A/Hunan/02650/2016 (Hunan 
N9) at 3.45 A resolution (1G04 has binding af- 
finity to this specific strain of N9), 1EO1 in 
complex with the N2 NA of the 1957 H2N2 
pandemic isolate A/Japan/305/1957 (Japan57 
N2) at 2.45 A resolution, and 1G01 in com- 
plex with the NI NA of the 2009 pandemic 
HIN1 isolate A/California/04/2009 (CA04 N1) 
at 3.27 A resolution (Fig. 3 and table $3). In all 
three Fab-NA complex structures, one Fab bound 
to one NA protomer of the NA tetramer. All 
three Fabs bound to the NAs such that they 
fully blocked the NA active site (Fig. 3). 1G04, 
1E01, and 1G01 recognized their epitopes using 
both heavy and light chains; in all three anti- 
bodies, the 21-amino acid complementarity- 
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determining region (CDR) H3 played an 
especially dominant role in their NA inter- 
actions. The total surface area on the NA buried 
by 1G04, 1E01, and 1G01 was 1030 A”, 900 A?, 
and 800 A”, respectively, of which 87%, 84%, and 
77% arose from the heavy chain, and 67%, 66%, 
and 77% from the extended CDR H3 loop. 

Antibody 1G04 interacted with Hunan N9 
NA using CDRs L1, L2, H1, H2, and H3 (Fig. 
3A, fig. S7, and table S4). The CDR H3 of 1G04: 
contributed most of the Fab interactions to 20 
N9Q NA residues, including 10 active-site resi- 
dues, which are conserved in group 1, group 
2, and influenza B NAs: Arg™®, Glu", Asp’), 
Arg”? Tle???, Are?*, Glu?” Glu?”, Arg?” and 
Tyr*°®, CDRs LI, L2, Hi, and H2 contacted 
some nonconserved N9 NA residues. Similar- 
ly, 1EO1 interacted with Japan57 N2 using the 
same five CDR loops as 1G04. The CDR H3 of 
1E01 dominated the interaction with 16 N2 NA 
residues, including all of the conserved active- 
site epitope residues recognized by 1G04 ex- 
cept for Glu?” (Fig. 3B, fig. S8, and table $5). 
Interestingly, 1GO1 bound CA04 N1 NA using 
only CDRs L1, L2, and H3, as well as one resi- 
due, Tyr®, from the framework region (FR) 
FR3. The 21-residue CDR H3 of 1G01 interacted 
with 19 CA04 N1 NA residues, which included 
13 NA-conserved active-site residues (10 of 
which are conserved with 1G04) or second- 
shell residues, including Leu’, Arg’®, and 
Trp’ (Fig. 3C, fig. S9, and table S6). The epi- 
topes of these three antibodies are distinct 
from the structurally characterized mouse NA 
antibodies, which bind to epitopes distant from 
the active site or on the rim of the active site 
(12, 25-27). 

Next, we assessed the protective capacity of 
the three mAbs in vivo in the mouse model. 
We tested the ability of the mAbs to protect 
against viruses expressing a human N2, an 
avian N2, a swine N3, and avian N6, N7, and 
N9 NAs (all group 2); a human N1 and avian 
N1, N4, N5, and N8 NAs (all group 1); and an 
influenza B NA from the B/Victoria/2/87 line- 
age (Fig. 4, A and C to M, and table S7). All 
virus strains were lethal in the mouse chal- 
lenge models except for avian N2 and N6, in 
which severe weight loss, but no mortality, 
was observed in the animals that received the 
control antibody. Animals received mAbs at 
5 mg/kg 2 hours before infection, and morbid- 
ity (weight loss) and mortality were then mo- 
nitored for 14 days. The mAbs protected from 
both weight loss and mortality in a manner 
that was consistent with their reactivity pat- 
terns, which indicates that the ability of the 
antibody to bind substrate in vitro is predic- 
tive of its ability to protect in vivo. In some 
cases (e.g., for 1G04 and the H4N6 and B/ 
Malaysia/2506/2004 challenges) (Fig. 4, E and 
M), protection was observed despite the ab- 
sence of strong NI activity. However, binding 
can mediate effector function (fig. S6), which 
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can, in combination with residual NI, likely 
also provide protection from challenge. Nota- 
bly, 1G01 provided full protection from lethal- 
ity against all challenge viruses. Except for the 
N4 challenge (Fig. 4J), where some transient 
weight loss was observed, 1G01 provided com- 
plete protection against weight loss. Further- 
more, the protective effect of 1GO1 was tested 
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in a dose de-escalation study with an H3N2 
challenge in both BALB/c and DBA/2J mice. A 
dose as low as 0.3 mg/kg was fully protective 
for BALB/c mice, and 1 mg/kg protected 80% 
of the DBA/2J (fig. S10). We also monitored 
virus replication in the lungs of challenged 
animals on day 3 and day 6 after infection 
and did not detect any replicating virus using 
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Fig. 2. In vitro functionality of mAbs 1G04, 1E01, and 1G01. (A) Representative NA inhibition curves in 
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an ELLA assay (large substrate, steric hindrance-sensitive) against H3N2 strain A/Hong Kong/4801/2014. 
(B) Activity of the same mAbs against A/Hong Kong/4801/2014 in an NA-Star assay (small substrate, steric 
hindrance-insensitive). (C) Activity of the Fab of mAb 1G01 in an ELLA assay against A/Hong Kong/4801/ 
2014. (D) A germline (GL) version of 1G04, representing all three antibodies, is also active against H3N2 
strain A/Hong Kong/4801/2014. (E) All three mAbs are active in a microneutralization assay against H3N2 
strain A/Hong Kong/4801/2014 when antibody is added to the inoculum and overlay. The NA antibodies 
cannot neutralize the virus when added to the inoculum only, but antibodies prevent viral egress when added 
to the overlay. The minimal neutralizing concentration is defined as the lowest antibody concentration at 
which no hemagglutination is detected. (F) ADCC reporter bioassay activity of the three mAbs. MAb CR9114, 
which has known ADCC reporter activity against H3N2, was used as positive control. 


3 of 6 


RESEARCH | REPORT 


a plaque assay; this finding suggests that the 
strong in vitro inhibiting and neutralizing ac- 
tivity of the three mAbs translates to steriliz- 
ing immunity in vivo, at least on the sampled 
days (Fig. 4B). This observation was further 
corroborated by measuring titers using a limit- 
ing dilution method in embryonated eggs, which 
has lower sensitivity. Only residual titers were 
found on day 3 after infection and no virus was 
detected in any treated mouse on day 6 after 
infection (fig. S11). To determine whether the 
mAbs had therapeutic potential, we infected 
mice with a lethal dose of H3N2 virus and 
treated them with antibody 48 or 72 hours 
after infection (Fig. 4, N and O). Although 
transient weight loss was observed, all animals 
recovered when treated with a low mAb dose of 
5 mg/kg. 

The isolation of these three mAbs illustrates 
that humans can make highly potent hetero- 
subtypic anti-NA antibodies that can inhibit 
influenza A and B viruses. The three mAbs 
represent 6.67% of the generated mAbs from 
this patient, indicating that, at least in this 
individual, they are relatively common. How- 
ever, earlier antibody characterization and 
vaccination studies indicated that although 
protection can be very broad within a subtype, 
immunity to NA is not heterosubtypic (com- 
pared to anti-HA stalk antibodies that typi- 
cally bind across different subtypes) (9-75). 
Attempts to raise heterosubtypic NA mAbs 
in rabbits against a conserved, linear peptide 
yielded mAbs with low NI activity and little 
protective effect (28, 29). A few human NA 
mAbs have recently been reported that show 
some cross-reactive binding, but they do not 
have any antiviral activity in vitro or in vivo 
(10). Of note, there is some serological evi- 
dence with polyclonal serum that natural in- 
fection in humans can induce broadly reactive 
anti-NA antibodies (30, 31). The mAbs we re- 
port here are highly potent and mediate strong 
protection in vivo, with 1G01, which has the 
highest number of somatic hypermutations 
and the smallest footprint, exhibiting the broad- 
est binding. 

On the basis of the reactivity profiles, it 
seems likely that the B cell clones encoding 
these mAbs were initially engaged by an H3N2 
infection and have acquired affinity to N1 and 
influenza B virus NA antigens through subse- 
quent exposures of this individual to H1IN1 
and influenza B viruses. It is conceivable that 
such antigenically broad exposures allowed 
these mAbs to recognize other influenza A 
virus NA subtypes to which the individual was 
never exposed. The recent H3N2 infection of 
this individual then recalled these clones. In 
fact, serum from the patient taken at 5 days 
after symptom onset displayed cross-reactivity 
against various NAs and also exhibited high 
hemagglutination and microneutralization 
titers against the H3N2 virus A/Hong Kong/ 
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4801/2014 (320 and 2560, respectively). An NI 
titer of 536 (against an H6N2 virus, A/Texas/ 
50/2012) was also observed (fig. S12). It is pos- 
sible that the pre-exposure serum concentra- 
tions of these antibody species in this individual 
were not high enough to mediate protection. In 
addition, the patient presented with several un- 
derlying risk factors such as obesity, diabe- 
tes, hypertrophic cardiomyopathy, and asthma, 


which could explain why the person became 
infected. 

Neuraminidase is a validated drug target, 
and several small molecules that inhibit its 
activity are licensed as influenza therapeutics 
(32). In this work, several attempts to generate 
H3N2 escape mutants were unsuccessful. Like 
the three mAbs reported here, these small 
molecules target the active site of the NA. 


ia 


*CA04 N1 


1G01 
H-chain 


Fig. 3. Crystal structures of 1G04, 1E01, and 1G01 Fabs in complexes with NAs. (A) Crystal structure 
of 1G04 with Hunan N9 NA at 3.45 A resolution. From top to bottom: the NA tetramer with one Fab bound to 
each protomer of the NA tetramer, the NA protomer with one Fab, the epitope on the NA, and the Fab 
paratope on the NA. (B) Crystal structure of 1E01 with Japan57 N2 NA at 2.45 A resolution. From top to 
bottom, as for (A). (C) Crystal structure of 1GO1 with CAO4 N1 NA at 3.27 A resolution. From top to bottom, 
as for (A). For all panels, one NA-Fab protomer is colored with NA in light gray, Fab light chain (L-chain) 
in yellow, and Fab heavy chain (H-chain) in orange. The NA and Fab in the other protomers are in dark 
and light gray, respectively. N-linked glycans are shown in stick representation with cyan carbon atoms. Calcium 
ions are shown as green spheres. The molecular surface depicting the epitope is colored in green. Amino acid 
abbreviations: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; |, lle; K, Lys; L, Leu; N, Asn; P, 


Pro; Q, Gln; R, Arg; S, Ser; T, Thr; W, Trp; Y, Tyr. 
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Fig. 4. In vivo protection by mAbs 1G04, 1E01, and 1GOL. (A and C to M) Efficacy 
of the three mAbs in a mouse model against challenge with viruses expressing group 
1, group 2, and influenza B virus NAs. Animals were treated with mAbs (5 mg/kg) 
intraperitoneally 2 hours before intranasal virus challenge. Five animals per group 
were used. (B) Lung titers of animals treated prophylactically with mAbs [as described 
for (A)] on day 3 and day 6 after infection. Three mice per group were used. (N and 0) We 
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also tested therapeutic treatment of 5 mg/kg at 48 hours (N) and 72 hours (0) after 
infection. The treatment time points are indicated with errors. Five animals were 
used per group. For (A) and (C) to (0), percent weight loss is shown and percent 
survival is indicated in the respective panels. Weight loss was monitored daily except 
for the 1GO1 group in (A) on days 1 and 2 due to technical malfunctioning of a cage. For 
reassortant strains, virus strain names correspond to the NA of the virus used. 
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Therefore, and because of the extensive breadth 
of these mAbs, they could potentially be used 
as antivirals for treatment of seasonal, pan- 
demic, and zoonotic influenza virus infection 
in humans. In addition to the potential of 
these mAbs as therapeutics, they might also 
be useful for antibody-guided vaccine design. 
Currently licensed influenza virus vaccines, in- 
cluding inactivated and live attenuated vac- 
cines, are poor inducers of anti-NA immunity 
(8). However, recombinant NA-based vaccines, 
as well as NA virus-like particles, have been 
shown to induce high titers of anti-NA anti- 
bodies that can broadly protect in lethal mouse 
and ferret challenge models (13-15). Further- 
more, recombinant NA-based vaccines have 
been shown to inhibit influenza virus trans- 
mission in the guinea pig model (16). Broad 
protection within a subtype was observed in 
these studies, but heterosubtypic immunity 
was not detected, although it was explicitly 
tested in the mouse model (73). However, se- 
quential prime-boost regimens with recom- 
binant NA vaccines that include different 
subtypes or scaffolded/stabilized constructs 
that represent the 1G01 epitope might result 
in the induction of 1G01-like antibodies. 

All three mAbs that we isolated show broad 
binding, with 1GO1 inhibiting all influenza A 
virus NA subtypes and influenza B virus NAs, 
making these mAbs extremely promising can- 
didates for therapeutic development. These 
antibodies are potent inhibitors of NA activity 
in vitro and provide broad protection from 
mortality and morbidity in vivo. The discovery 
of these mAbs raises the hope that similar 
antibodies can be induced in the population 
if the right vaccination regimen is adminis- 
tered. Knowledge of the binding mode and 
epitope of these mAbs may then guide the 
development of NA-based universal influenza 
virus vaccines. 
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Cryo-EM structures of the human cation-chloride 


cotransporter KCC1 


Si Liu'?*, Shenghai Chang’**, Binming Han**, Lingyi Xu*°, Mingfeng Zhang®, Cheng Zhao“®, 
Wei Yang®, Feng Wang’, Jingyuan Li*+, Eric Delpire®+, Sheng Ye*>+, 


Xiao-chen Bai°t{, Jiangtao Guo"+ 


Cation-chloride cotransporters (CCCs) mediate the coupled, electroneutral symport of cations with 
chloride across the plasma membrane and are vital for cell volume regulation, salt reabsorption in the 
kidney, and y-aminobutyric acid (GABA)—mediated modulation in neurons. Here we present cryo— 
electron microscopy (cryo-EM) structures of human potassium-chloride cotransporter KCC1 in 
potassium chloride or sodium chloride at 2.9- to 3.5-angstrom resolution. KCC1 exists as a dimer, with 
both extracellular and transmembrane domains involved in dimerization. The structural and functional 
analyses, along with computational studies, reveal one potassium site and two chloride sites in KCC1, 
which are all required for the ion transport activity. KCC1 adopts an inward-facing conformation, with the 
extracellular gate occluded. The KCC1 structures allow us to model a potential ion transport mechanism 


in KCCs and provide a blueprint for drug design. 


he human solute carrier 12 (SLC12) gene 

family encodes the cation-chloride co- 

transporters (CCCs) that mediate the 

coupled, electroneutral symport of Na* 

and/or K* with Cl across the plasma 
membrane (J, 2). Defined by their transport 
properties and amino acid sequences, CCCs 
can be divided into several branches, includ- 
ing two Na-K-2Cl cotransporters (NKCC1 and 
NKCC2), one Na-Cl cotransporter (NCC), and 
four K-Cl cotransporters (KCC1 to KCC4) (fig. S1). 
CCCs are expressed in many tissues and or- 
gans, especially in kidney and the nervous 
system, and play important roles in a variety 
of physiological processes. NKCCs and KCCs 
participate in cell volume regulation by trans- 
porting ions across the plasma membrane 
to reduce the osmotic difference when cells 
are exposed to hypertonic or hypotonic envi- 
ronments (3). In kidney, NCC and NKCC2 are 
major carriers for the reabsorption of NaCl 


‘Department of Biophysics, Department of Pathology of Sir 
Run Run Shaw Hospital, Zhejiang University School of 
Medicine, Hangzhou 310058, China. “Tianjin Key Laboratory 
of Function and Application of Biological Macromolecular 
Structures, School of Life Sciences, Tianjin University, 92 
Weijin Road, Nankai District, Tianjin 300072, China. *Center 
of Cryo-Electron Microscopy, Zhejiang University School of 
Medicine, Hangzhou 310058, China. “Zhejiang Province Key 
Laboratory of Quantum Technology and Device, Institute of 
Quantitative Biology, Department of Physics, Zhejiang 
University, Hangzhou, Zhejiang 310027, China. °Life Sciences 
institute and Innovation Center for Cell Signaling Network, 
Zhejiang University, Hangzhou, Zhejiang 310058, China. 
Department of Biophysics, Institute of Neuroscience, NHC and 
CAMS Key Laboratory of Medical Neurobiology, Zhejiang 
University School of Medicine, Hangzhou 310058, China. Wuxi 
Biortus Biosciences Co. Ltd., 6 Dongsheng West Road, Jiangyin 
214437, China. Department of Anesthesiology, Vanderbilt 
University School of Medicine, Nashville, TN 37232, USA. 
Departments of Biophysics and Cell Biology, University of 
Texas Southwestern Medical Center, Dallas, TX 75390, USA. 
*These authors contributed equally to this work. 
tCorresponding author. Email: jiangtaoguo@zju.edu.cn (J.G.); 
xiaochen.bai@utsouthwestern.edu (X.B.); sye@tju.edu.cn (S.Y.); 
eric.delpire@vanderbilt.edu (E.D.); jingyuanli@zju.edu.cn (J.L.) 


© 


Liu et al., Science 366, 505-508 (2019) 


in the distal convoluted tubule and the thick 
ascending loop of Henle, respectively (4). In 
central neurons, NKCC1 and KCC2 collabo- 
ratively set the intracellular Cl” concentration 
and thereby regulate y-aminobutyric acid 
(GABA)- and glycine-mediated synaptic in- 
hibition (5). 

Considering their important functions in 
ion transport, it is not surprising that mu- 
tations in CCCs lead to a wide spectrum of 
human diseases (6-10). For example, five single 
amino acid substitutions in KCC2 can cause 
human epilepsy. R952H (Arg®??—>His) and 
R1049C (Arg’**°+Cys) mutations give rise to 
idiopathic generalized epilepsy (9), whereas 
L311H (Leu? His), L426P (Leu*”°—+Pro), and 
G551D (Gly*”'—Asp) substitutions induce epi- 
lepsy of infancy with migrating focal seizures 
(0). Therefore, CCCs are important drug tar- 
gets. The diuretics furosemide and thiazide 
are used as antihypertensive drugs by inhi- 
bition of NKCC2 and NCC, respectively (77). 
Recently, efforts have been made to develop 
KCC2-specific agonists and NKCC1-specific 
antagonists to treat epilepsy diseases (12, 13). 
Drugs targeting KCC2 or NKCCI1 may also be 
effective in treating other diseases by regulating 
GABAergic inhibition. For example, a KCC2 
agonist, CLP290, promoted functional recov- 
ery after spinal cord injury (74). 

Although the physiology, biochemistry, and 
pharmacology of different CCC members have 
been extensively studied, our knowledge of 
their ion cotransport mechanism is hindered 
by the lack of high-resolution structures. Struc- 
tures are available for the Methanosarcina 
acetivorans CCC C-terminal domain (15) and 
Danio rerio NKCC1 (DrNKCC1) (16). Although 
the DrNKCC1I structure reveals the architecture 
and ion binding sites of the sodium-driven 
CCCs, the structures and ion cotransport mech- 
anisms of the potassium-driven KCCs remain 
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unknown. Here, we present structural studies 
of human KCC1. 

We determined three cryo-electron micros- 
copy (cryo-EM) structures of human KCCI: one 
in 150 mM KCl and detergent glyco-diosgenin 
(GDN) at 2.9-A resolution, one reconstituted 
into lipid nanodisc in 150 mM KCl at 2.9-A 
resolution, and one in 150 mM NaCl and GDN 
at 3.5-A resolution (figs. S2 to S7 and table S1). 
Because the overall architectures of the three 
structures are very similar (fig. S8), we mainly 
focus on the structure in KCl and GDN in this 
report. The cryo-EM map in the transmem- 
brane domain (TMD) and extracellular domain 
(ECD) is of high quality, enabling us to build 
an accurate model containing residues 116 to 
652 (Fig. 1, A and B, and fig. S3). Owing to the 
flexibility of the linker that connects the TMD 
and C-terminal domain (CTD), the CTD is re- 
solved at a lower resolution and is not modeled. 

The TMD of KCCI contains 12 transmem- 
brane helices (TMs), with both the amino and 
carboxyl termini on the intracellular side 
(Fig. 1, C and D). TM1 to TM5 and TM6 to 
TM10 are inverted structural repeats related 
by a pseudo-twofold symmetry axis parallel 
to the membrane plane, with a root-mean- 
square deviation of 4.6 A over 136 Ca atoms 
(fig. S9). Whereas TM1, TM2, TM6, and 
TM7 form the “core domain,” TM3 to TM5 
and TM8 to TM10 form the “scaffold do- 
main,” providing ion transport cavities 
between the core domain and the scaffold 
domain. TM11 and TM12 wrap around TM10 
at one side of the transporter (Fig. 1D). The 
KCC1 TMD adopts a LeuT-like fold, which is 
shared among a superfamily of secondary trans- 
port proteins termed amino acid, polyamine, 
and organocation (APC) transporters (17). 

The ECD, formed by a 120-residue-long 
linker between TM5 and TM6, is a charac- 
teristic and conserved feature of KCCs, whereas 
NKCCs and NCC have much shorter linkers 
(fig. S1). The ECD consists of two pairs of anti- 
parallel 6 strands (61-84 and 82-63) and four 
short a helices (EL2 to EL5). The 62-83 hair- 
pin extends like an antenna from the ECD 
(Fig. 1D). The relatively rigid architecture of 
the ECD is stabilized by two disulfide bonds, 
C308-C323 and C343-C353 (Fig. 1D). Muta- 
tions of each of the four highly conserved 
cysteine residues abolish KCC2 transport ac- 
tivity, suggesting that the ECD folded structure 
is important for function (/8). Two asparagine 
residues, Asn®”” and Asn**!, are glycosylated 
with visible density for the covalently linked 
N-acetylglucosamine moiety of the sugar (Fig. IB 
and fig. S3B). 

The cryo-EM structure of KCC1 reveals that 
both the TMD and ECD participate in dimeric 
assembly. At the dimer interface of the ECD, 
there are a pair of hydrogen bonds between 
the carbonyl oxygen of Ser*®? and the amine 
group of Lys*” from neighboring subunits 
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(fig. S10A). In addition, hydrophobic interac- 
tions between the side chains of Pro®”’, Pro*””, 
and Leu*™ from both ECDs strengthen this 
dimerization. 

In the TMD of KCCI, the dimeric interaction 
involves TM12 and TM9 from the adjacent 
molecules in a dimer. On the periphery, hydro- 
phobic amino acids from TM12 of one KCC1 
molecule interdigitate with nonpolar residues 
from TM9 of the adjacent molecule, sealing 
the dimer interface at the edges but leaving an 
interior hydrophobic cavity between the mono- 
mers (fig. SIOB). Within the cavity, two tube- 


a S 
intracellular 


like cryo-EM densities with the shape and size 
of two GDN molecules were observed (fig. S3C). 
The tail of the putative GDN inserts in the 
hydrophobic cavity and mediates hydropho- 
bic interactions (fig. SIOB). In comparison 
with other APC transporters such as LeuT (77) 
and the Vibrio parahaemolyticus sodium- 
galactose symporter (vSGLT) (19), KCC1 has 
relatively loose dimeric packing in the TMD 
(fig. S11). 

Multiple biochemical studies have shown 
that CCCs form dimers in vivo (20-24). Con- 
sistently, three lines of evidence support that 


Fig. 1. Overall structure of human KCC1 determined in KCI and GDN. (A) Side 
view of a three-dimensional reconstruction of KCC1 with each subunit individually 
colored. The gray bars on either side of the structure define the position (top and 
bottom) of the cell membrane. (B) Cartoon representation of the KCC1 dimer in 
the same orientation as the electron microscopy maps in (A). N-Acetylglucosamine 
(NAG) and putative GDN molecules are shown as green and cyan sticks, 
respectively. The three ions are shown as purple (K") and orange (CI) spheres. 


Fig. 2. The ion binding sites in KCC1. (A) The 
potassium and chloride ions bind at the breakage 
points of TM1 and TM6 of KCC1 in KCI and GDN. Two 
tyrosine residues involved in the ion coordination are 
shown as sticks. (B and C) Magnified views of the 
potassium and chloride binding sites in the KCC1 
structure in KCI (B) or NaCl (C) from the same 
orientation. In both (B) and (C), all electron densities 
are shown at the same contour level of 4.50. Numbers 
show distances in angstroms between the ions and 
coordinating atoms. (D) K* influx in Xenopus laevis 
oocytes injected with wild-type (WT) and mutant 
mouse KCC3 complementary RNA and measured 
under isosmotic (basal) and hypoosmotic (stimu- 
lated) conditions. The Western blot shows that all 
mutants are expressed at similar levels as the 

wild type. The table shows equivalent residues in 
human KCC1 and mouse KCC3. For more sequence 
alignments, see fig. Sl. Single-letter abbreviations 
for the amino acid residues are as follows: A, Ala; 

C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; |, lle; 

K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, Gln; 

R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr. 


Liu et al., Science 366, 505-508 (2019) 


25 October 2019 


TM1a 


this dimeric assembly of KCC1 involving the 
ECD and the TMD is stable and therefore 
probably physiologically relevant. First, this 
dimeric state is detergent-independent, be- 
cause KCCI has similar retention volumes in 
gel filtration in various detergents such as n- 
dodecyl-B-p-maltopyranoside (DDM), n-decyl- 
B-p-maltopyranoside (DM), GDN, and lauryl 
maltose neopentyl glycol (LMNG) (fig. S12A). 
Second, single or multiple mutations at the 
dimer interface in the TMD were unable to 
disrupt the dimeric assembly, confirming the 
strong dimeric interactions (fig. $12, B and C). 


scaffold 
8 domain 


N and N' indicate the N termini; C and C' indicate the C termini. (C) Topology and 
domain arrangement of the KCC1 subunit. The three ions are shown as purple (K*) 
and orange (CI’) circles. (D) Structure of one KCC1 subunit in intracellular (left) 
and side (right) views. Each domain is colored the same as in (C). Side chains of 
two pairs of Cys residues that form disulfide bonds are shown as yellow sticks. 
Numbers indicate transmembrane helices. TM1, TM2, TM6, and TM7 form the core 
domain; TM3 to TM5 and TM8 to TM1O form the scaffold domain. 
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cytosolic-facing cavity 


Fig. 3. An inward-facing conformation of KCC1 in KCI and GDN. (A) The 
surface-rendered KCC1 model shows a cytosolic-facing cavity. The yellow dashed 
lines indicate the opening of the intracellular gate. (B) Polar residues on the 
surface of the cytosolic-facing cavity. (©) Hydrophobic residues form a 


Third, the cryo-EM structure of KCCI re- 
constituted in lipid nanodisc has a very sim- 
ilar overall architecture to that in GDN (figs. 
S8 and S12D). 

In the TMD core domain, TM1 and TM6 are 
disrupted in the middle by short Gly-containing 
loops, providing potential ion binding sites 
approximately halfway across the membrane. 
The two 2.9-A resolution structures of KCC1 
in KCl reveal three ion binding sites, desig- 
nated as Sx, Sey, and Sep (Fig. 2, A and B, and 
fig. $13). Sg is surrounded by four main-chain 
carbonyls from both Gly-containing loops 
(Asn'*!, Tle’, Thr*?, and Pro*?°) and two 
hydroxyl groups of Tyr?”° and Thr*”, with 
coordination distances of around 2.9 to 3.8 A 
(Fig. 2B). Because such a local chemical en- 
vironment clearly favors a cation, we modeled 
a K’ at this site, the only cation used in the 
buffer. The S,q; site is 3.8 A above Sx; the ion at 
this site is mainly coordinated by three main- 
chain amide groups (Gly'™, Val'°, and Ile!?®) 
and the K* at the Sx site. The hydroxyl group 
of Ser**° is about 4 A from the ion at the Sqy 
site, potentially allowing weak coordination. 
The ion at the Sc site is also coordinated 
mainly by three main-chain amide groups 
(Gly**?, le***, and Met*®) as well as the hy- 
droxyl group of Tyr®®? from TM10 (Fig. 2B). 
Because the chemical environments of Sc; 
and Sc are suitable for anions, we modeled 
one Cl at each site. A similar Cl” binding site 
has been observed in the structure of the pro- 
karyotic Cl-/H* transporter StCIC (fig. S14) (25). 

To test the functions of the ion binding sites, 
we measured the ion transport activity using a 
standard K* (*°Rb) influx assay in Xenopus 
laevis oocytes. Although human KCC1 has low 
activity (fig. SI5A), mutations of the K* co- 
ordination residue Tyr” or the Cl” coordina- 
tion residue Ser*®° at the Scy site did reduce 
KCCI activity (fig. SI5B). To further confirm 
the mutants’ activity, we studied mouse KCC3, 
which is a close relative to human KCC1 (78% 
sequence identity) but with much higher K-Cl 
cotransport activity (fig. SI5C). Mutations of 
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either of the K* coordination residues Tyr?*? 


(Tyr7"° in KCCI) or Thr*” (Thr*” in KCC), or 
the Cl” coordination residue Tyr®* (Tyr®®? in 
KCCI) at the Sq, site, abolished the ion trans- 
port activities of KCC3 (Fig. 2D). Mutation 
of the weak Cl” coordination residue Ser**” 
(Ser*®° in KCCI) at the Sey site also substan- 
tially reduced KCC3 activity. This suggests that 
all three sites are required for K-Cl cotransport 
activity. 

KCCs cotransport K-Cl at a 1:1 ratio (26). 
This raises the questions of why there are 
two Cl sites and which one is the transport 
site. Three structural features suggest that 
Scn is likely a transport site. First, Sc); sits 
deeply in the cytosolic-facing cavity, whereas 
Sciz2 is more exposed to cytosolic solvent. The 
Scn and Sx sites align well with substrates 
from other APC transporters such as LeuT 
and GkApcT, a prokaryotic homolog of the 
SLC7 transporter (fig. S16). Second, the 3.8-A 
distance between Scy and Sx allows the two 
ions to coordinate each other and thus to 
achieve stoichiometric cotransport; by con- 
trast, Sq is 7.8 A below Sx, too far to allow 
direct interaction with the K*. Third, Cl bind- 
ing at Sc is independent of K* binding at 
Sx, whereas Cl” binding at Sq is coupled to 
K* binding at Sx, as revealed by the KCC1 
structure determined in the presence of NaCl. 
In the KCCI structure in NaCl, Sq» is occu- 
pied by Cl, but no Cl binds at the Sqy site; 
instead, a fourth site (S4) was observed be- 
tween Sx and Sq, (Fig. 2C and supplementary 
text). Binding of Cl” at the Sqp site stabilizes 
the architecture of the K* binding site by di- 
rect coordination with the main-chain amide 
group of Gly*?? (Fig. 2B). In addition, it 
strengthens interactions between TMé6a, 
TM6b, and TM10 and thus could couple their 
conformational changes during the ion trans- 
port process. Tyr®”® has a coordination dis- 
tance of 2.5 A to Cl at Sq»; mutation of Tyr”? 
disrupts the Sci site, which would likely affect 
the structural integrity of the K* binding site 
or the coupling of TM6a, TM6b, and TM10 


gate 


constriction above ion binding sites. (D) The extracellular gate is occluded by 
extracellular linker EL6-EL7 (pink) and pre-6a loop and post-EL5 loop (orange). 
(E) ECD dimerization stabilizes the closed state of the extracellular gates. For 
clarity, TM4, TM5, TM11, and TM12 are omitted in (B) and (C), as is TM4 in (E). 


during the ion transport process, resulting 
in loss of activity. 

To confirm the three ion binding sites and 
to probe the function of the Sci site, we per- 
formed molecular dynamic simulations (fig. 
$17). In an equilibrium state without an 
electrochemical gradient, one K* and two 
Cl ions remained stably bound at the Sx, Scu, 
and Sc sites throughout a 200-ns simulation 
(fig. S17A). By contrast, water molecules bound 
at the Sq, and Sq sites are easy to dissociate 
(fig. S17, B and C). In the absence of Cl” 
binding at the Sq site, the glycine-containing 
loop between TM6a and TM6b relaxes (fig. S17, 
D and B,), resulting in the disturbance of K* at 
the Sx site. The movement of K* further affects 
the binding of Cl at Sq, and even drags it away 
from its original binding site (fig. S17, D and E). 
Thus, the removal of Cl” at Sq» triggers the 
correlated dissociation of K* from Sx and Cl” 
from Scy with a correlation coefficient of 0.93. 
In addition, we performed steered molecular 
dynamics to pull the K* ion from the Sx site. 
The corresponding potential of mean force 
profile was used to estimate the binding free 
energy of K*, which reduces from -10.28 + 
1.00 kcal/mol to -3.34 + 1.22 kcal/mol with 
the removal of Cl” at the Sq. site. Thus, Cl at 
Sc can facilitate K* and Cl” binding at Sx 
and Scu, respectively. 

The KCCI structure adopts an inward- 
facing conformation that is characterized by 
a cytosolic-facing cavity and solvent accessibil- 
ity from the intracellular side to the substrate 
binding sites (Fig. 3A). Multiple polar residues 
on the surface of this cavity favor the recruit- 
ment of potassium and chloride ions (Fig. 3B). 
Above this cavity, several hydrophobic residues 
form a constriction that blocks extracellular 
solvent access (Fig. 3C). The extracellular gate is 
sealed by salt bridges and hydrogen bonds 
contributed by residues Arg™©, Glu?””, Asp””, 
Lys*®°, and Tyr*®® (Fig. 3D). These interac- 
tions are expected to be disrupted when the 
extracellular gate opens, as observed in LeuT 
structures, where a salt bridge between Arg 
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i Kcc1 


side view 


Fig. 4. Structural comparisons of human KCC1 and DrNKCC1. (A) The 
structural superimposition of KCC1 (blue) and DrNKCC1 (green) [Protein Data 
Bank (PDB) 6NPL] in the TMD. For clarity, large extracellular or intracellular 
loops are not shown. (B) The K* and Cl" bind at similar positions in KCC1 (blue) 
and DrNKCC1 (green). In the KCC1 structure, K* and Cl are shown as purple 


and Asp residues also participates in closing 
the extracellular gate (27). 

On the surface of the TMD, two regions 
cover the extracellular gate. First, a long ex- 
tracellular linker between TM7 and TM8 folds 
into two short helices (EL6 and EL7) and oc- 
cludes the extracellular pathway by packing 
tightly against TM1b and TM7 on one side and 
TM3 and TM8 on the other side. Second, two 
antiparallel loops (pre-6a loop and post-EL5 
loop) from the ECD form a lid-like structural 
unit on top of TM6a and TMib (Fig. 3D). EL6, 
EL7, the pre-6a loop, and the post-EL5 loop are 
tightly sandwiched by the TMD and the ECD 
(Fig. 3E). The packing interactions imposed on 
TMib and TMé6a by EL6, EL7, the pre-6a loop, 
and the post-EL5 loop are further stabilized by 
dimerization of the ECD in a relatively rigid 
architecture. Therefore, the ECD probably mod- 
ulates KCCI activity by constraining conforma- 
tional changes on TM1b and TM6a when the 
extracellular gate opens. 

Structural comparisons of KCC] and DrNKCC1 
reveal the conservation and divergence among 
different CCC members. First, both KCC1 and 
DrNKCCI adopt a LeuT-like fold in an inward- 
facing conformation, with a root-mean-square 
deviation of 1.5 A over 389 Ca atoms between 
two structures in the TMD (Fig. 4A). Second, 
the identified Sx, Scy, and Sq» sites in KCCI 
align well with those in DrNKCCI (Fig. 4B). 
In DrNKCCI, the Na’ sits in the Na2 site that 
is conserved across many APC transporters 
(16, 17); by contrast, in KCCl, the two Na* 
coordination Ser residues are replaced with 
Gly and Ala, accompanying a 2- to 3-A shift of 
the TM8 backbone (Fig. 4C). With the loss of 
the Na* site in KCCI, the energy barrier for 
transporting the Cl” at the Sq site is unlike- 
ly to be crossed. Third, KCC1 and DrNKCC1 
share a similar dimeric architecture with 
relatively loose packing, mediated by either 
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lipid or detergent molecules in the TMD (fig. 
$18). The long ECD in KCC1 participates in the 
dimeric assembly, whereas the shorter CAP 
domain in DrNKCC1 does not. 

The structural and functional characteriza- 
tion of KCC1 allows us to generate a K-Cl 
cotransport model (fig. $19). The KCCI struc- 
ture provides a framework for interpretation of 
disease-related mutations of other KCCs such 
as KCC2 and KCC3, whose mutations cause 
genetic disorders of the human nervous system 
(fig. S20) (8-10). The structural studies of hu- 
man KCCI, together with zebrafish NKCC1, will 
promote drug development and disease treat- 
ment targeting human CCCs. 
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Coherent spin manipulation 
on a surface 


of individual atoms 


Kai Yang", William Paul’, Soo-Hyon Phark'2", Philip Willke’*, Yujeong Bae"*, Taeyoung Choi, 
Taner Esat??+, Arzhang Ardavan®, Andreas J. Heinrich?>*, Christopher P. Lutz’* 


Achieving time-domain control of quantum states with atomic-scale spatial resolution in 
nanostructures is a long-term goal in quantum nanoscience and spintronics. Here, we 
demonstrate coherent spin rotations of individual atoms on a surface at the nanosecond time 
scale, using an all-electric scheme in a scanning tunneling microscope (STM). By modulating 

the atomically confined magnetic interaction between the STM tip and surface atoms, we drive 
quantum Rabi oscillations between spin-up and spin-down states in as little as ~20 nanoseconds. 
Ramsey fringes and spin echo signals allow us to understand and improve quantum coherence. 
We further demonstrate coherent operations on engineered atomic dimers. The coherent 

control of spins arranged with atomic precision provides a solid-state platform for quantum-state 


engineering and simulation of many-body systems. 


etecting and controlling the coherent 

dynamics of artificial spin systems with 

single-spin resolution could provide fun- 

damental insight into quantum magnet- 

ism (/, 2). A key technique for realizing 
coherent control is pulsed spin resonance, 
which traditionally uses short bursts of oscil- 
lating magnetic fields to induce transitions be- 
tween selected quantum spin states (3). Coherent 
spin manipulation lies at the heart of spin-based 
quantum information processing and coherent 
spintronic devices (4). In the solid-state envi- 
ronment, coherent control of single spins has 
been performed on molecules in break junc- 
tions (5), quantum dots and dopants in semi- 
conductors (6, 7), and nitrogen-vacancy centers 
in diamond (8, 9). It would be desirable to 
image and precisely modify the local environ- 
ment and energy-level structures at the atomic 
scale. 

Atomic-scale structures can be constructed 
and imaged with a scanning tunneling micro- 
scope (STM), which can probe spin-spin inter- 
actions (10, 11), spin dynamics (12-14), and 
single-molecule motion (15, 16). Notably, arti- 
ficial nanostructures built by STM have devel- 
oped into a fruitful testing ground for exploring 
quantum magnetism (11, 12, 14, 17-22). Recently, 
continuous-wave (CW) electron spin resonance 
(ESR) was combined with spin-polarized STM 
to detect spin states with highly improved ener- 
gy resolution (22-24). 

The time evolution of a spin state can be 
accurately controlled by applying pulsed elec- 
tromagnetic fields (3). In semiconductor hetero- 
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structures, coherent spin dynamics have been 
measured with STM by using femtosecond light 
pulses (13). Single-spin coherent control has 
not been achieved in STM because the spin 
manipulation time was long compared to the 
coherence time (22). Here, we demonstrate co- 
herent spin manipulations at the single-atom 
scale, achieved by modulating the magnetic 
exchange interaction between the STM tip and 
the Ti atom on a surface using the time-varying 
electric field in the STM junction (Fig. 1A) (25). 

The Ti atoms were separated from the Ag 
substrate with a bilayer MgO film and were 
most likely hydrogenated (supplementary ma- 
terials and methods) (24). We refer to them 
simply as Ti. Each Ti atom has an electron spin 
S = 1/2 and was adsorbed either on top of a 
surface oxygen atom or at a bridge site be- 
tween two oxygen atoms (24, 26). The two spin 
states ||) and |t), with electron spin quantum 
number m, = +1/2, were separated by the 
Zeeman energy in the presence of an applied 
magnetic field (Fig. 1B). In addition to the direct- 
current (DC) voltage Vpc, a radiofrequency 
(RF) voltage was applied with an amplitude 
Ver at the STM tunnel junction (22, 24). 

The magnetic field experienced by a Ti spin 
(S) is the vector sum of the externally applied 
static field B.,, and the effective tip field, 
which, in the presence of Vg with frequency f; 
has a static component B,, and an oscillatory 
component AB, cos(27/t). The Hamiltonian is 
given by (25) 

H = yh|B+ ABypcos(2nft)]-S (1) 
where y is the gyromagnetic ratio and / is 
Planck’s constant. B = Bex + By, is the total 
static field. As long as AB,ip is noncollinear 
with B, it can drive transitions between ||) 
and |t) states when hf matches the Zeeman 
splitting set by B (Fig. 1B, bottom). This change 
in magnetic states is visible as a change in the 
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steady-state current in the CW-ESR spectrum 
(Fig. 1C). 

To access the fast coherent spin dynamics of 
a Ti atom, we applied a series of RF pulses at 
the resonant frequency to induce Rabi oscil- 
lations between the two spin states (Figs. 1A 
and 2A). Between pulses, the Ti spin was reini- 
tialized to the ||) state by a spin-polarized cur- 
rent. The degree of polarization of the initial 
state was determined by the spin polarization 
of the tip (27). During the RF pulse, the Ti spin 
rotated coherently between the ||) and |T) 
states at the Rabi frequency Q, so increasing 
the pulse width 1 yielded an oscillatory cur- 
rent signal AJ (Fig. 2, A and B). The exponen- 
tial decay of AJ gives the coherence time 
TR z 40 ns. When the RF frequency was 
detuned away from the Larmor frequency, Q 
increased and the oscillation amplitude was 
reduced (fig. S10). 

The Rabi oscillation of the Ti spin was read 
out magnetoresistively by using a homodyne 
detection technique (Fig. 2C and supplemen- 
tary text section 4), a standard technique for 
coherent detection in physics and engineering 
(28, 29). Here the asymmetric CW-ESR line 
shape is the result of homodyne demodulation 
(26). When the moment of the magnetic tip 
was canted with respect to the quantization 
axis of the Ti spin, the Larmor precession of 
the Ti spin yielded an RF conductance Grr. 
The Rabi oscillations of the Ti spin modu- 
lated the amplitude of Grr and were then ex- 
tracted by measuring the time-average current 
due to Vpr (Fig. 2C). This homodyne detection 
yielded a better signal-to-noise ratio than mea- 
surements using DC pulses (supplementary 
text section 5), so homodyne detection results 
are reported below. 

The spatial orientation of the tip magnetic 
moment was crucial for observing the Rabi 
oscillations (supplementary text section 6), 
because both the driving field and the ampli- 
tude of Gpr increased with the angle 0 between 
the tip magnetic moment and B,,; (inset of 
Fig. 1C). 

We gained additional control of Q by ad- 
justing the tip-atom distance dip, in addition 
to varying Vey. Q increased linearly with the 
setpoint current Jpc at a constant Vpc and Vez 
(Fig. 2D). Because Ipc depended exponentially 
on dip, this result demonstrated the exponen- 
tial dependence of © on dip, an important 
characteristic of exchange-field-driven ESR (25). 
We note that 7%*" increased with larger dip 
(Fig. 2D), because one of the dominant decoher- 
ence sources was the tunneling current (sup- 
plementary text section 7) (30). For any given 
tip, TR*>i and Q scaled inversely with varying 
tip height. Thus, for a given tip and Vpc, the 
number of observable Rabi cycles was nearly 
independent of the tip height and could pos- 
sibly be increased by using the magnetic di- 
polar coupling to the tip, or by placing a surface 
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Fig. 1. An STM circuit to manipulate spins of 
individual atoms. (A) Schematic showing the low- 
temperature (T = 1.2 K) STM integrated with a 
radiofrequency (RF) generator and an arbitrary 
waveform generator (AWG), as well as an STM image 
(8.4 nm by 10 nm) of Ti and Fe atoms on a 

bilayer MgO on Ag(001) (setpoint: Voc = 60 mV, 
Ipc = 10 pA). Exchange coupling (red wavy line) with 
the tip magnetic moment (white arrow) drives Ti 
spin resonance. The tip magnetoresistively senses 
the different Ti spin orientations, indicated by the 
red (||) state), blue (|t) state), and green (super- 
position state) arrows. (B) Top: Orbital occupancy 

of the 3d! configuration. Bottom: Zeeman energy of 
the Ti spin. (©) CW-ESR spectrum of a single 

Ti atom, fitted to an asymmetric Lorentzian (eq. S14) 
(Voc = 50 mV, loc = 5 pA, Ver = 50 mV, Bext = 

0.82 T). Inset: resonant frequency fo as a function 
of Ipc at a constant Vpc = 50 mV. Fitting (red curve) 
to eq. S17 yields an angle 8 = 73° between the 

tip's magnetic moment and B.,¢. 
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Fig. 2. Coherent control of a single Ti spin. 

(A) Rabi oscillations of a Ti spin at different values 
of Vpr, as indicated (Vpc = 60 mV, Inc = 4 PA, Bat = 
0.90 T). The RF frequency is on resonance at fo = 
22.57 GHz (fig. S6A). Solid curves are sinusoidal fits 
to the tunnel current signal Al. The data are offset 
vertically for better visibility. Each spectrum was 
measured for ~20 min. (B) Rabi oscillations repre- 
sented in the color scale shown, over a fine grid of 
tand Ver. Inset: Q at different values of Var fitted to 
a quadratic polynomial with zero offset. (C) Sche- 
matics showing the homodyne detection of the Rabi 
oscillations by measuring current Inomo, the 
time-averaged product of Ger and Ver. Gpr(t) is the 
instantaneous tunnel conductance when Vee (ft) is on. 
Pulse width t was controlled by the AWG. (D) Q 
and 1/T5#"' at different tip-atom distances set by 
different Ipc at Voc = 50 mV (Vpr = 80 MV, Boyt = 
0.82 T). Solid lines are linear fits. Lower panels show 
the Rabi oscillations with fitting at Ipc = 3 pA (left) 
and 9 pA (right). 


2 of 4 


RESEARCH | REPORT 


300 


A 


(x/2),. (n/2), 


Vee (t) f\f\\ <—t—> JN) 


free evolution 


250+ 


+75 MHz 


ROS 


+15 MHz 
Zo 
3S I 
507 £02 | 
é 
a O00 60 
a Detuning (MHz) 
0 20 40 60 80 100 
Free evolution time t (ns) 


Fig. 3. Ramsey fringes and spin echo of a single Ti spin. (A) Pulse scheme (top) and Bloch sphere 
representation (bottom) of the spin evolution in the rotating frame for Ramsey fringes measurement. 


Red and blue arrows represent the Ti spin’s initial or final state. Purple dots indicate 


pulses. Orange dots represent a rotation about the x axis. (B) Ramsey signals and Ramsey fringe frequency 
Qram (inset) at different detuning frequencies f — fp. (©) Pulse scheme (top) and Bloch sphere 
representation (bottom) for Hahn-echo measurement. (D) Spin-echo signals at different values of total 


free evolution time t. The exponential fit (red curve) gives a coherence time of T2 
Voc = 50 MV, Ipc = 3 pA; Var = 190 mV, fo = 20.55 GHz, Bext = 0.82 T. 
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Fig. 4. Coherent control of spin dimers. (A) Left: Schematic showing an STM image 
(4 nm by 4 nm) of one oxygen-site and one bridge-site Ti atom (Voc = 60 mV, Ipc = 
30 pA), and the magnetic tip. Middle: Atom positions of Ti dimer on MgO. Gray circles 
represent oxygen atoms. Right: Energy level diagram with a ferromagnetic coupling of 
~0.1 GHz. Dashed arrows indicate ESR transitions. (B) CW-ESR measured on the 

oxygen-site Ti atom (Vpc = 50 mV, Ipc = 3 pA, Ver = 10 mV). (C) Pulsed ESR measured 
on the oxygen-site Ti atom at f = 20.50 GHz and 20.58 GHz, corresponding to the blue 
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and red peaks in (B) (Vpc = 50 mV, Ipc = 3 pA), showing the coherent transitions from 
| tt) to |tt) (left), and from ||) to |t¥) (right). (D) Dependence of © on Vee for 

transitions iii and iv. Q is extracted from a sinusoidal fit in (C). (E to H) Same as in 
(A) to (D) except measured on two oxygen-site Ti atoms having a closer spacing, 

with an antiferromagnetic coupling of ~0.9 GHz. (G) The coherent transitions from || ¥) 
to | t)-olT¥) (left) and from || ¥) to |T¥)+a)) m) (right), where o = 0.7. (H) Dependence 
of O on Ver for transitions | and Ill. Vee = 25 mV in (F). Measured at Bog = 0.82 T. 
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spin nearby to supply the magnetic field gra- 
dient (23). 

The coherence time of Rabi oscillations 
72! is, in principle, sensitive to (i) scattering 
electrons from tip or substrate (37), (ii) tun- 
neling current arising through Vpc (30) and 
Ver, (iii) variations of the resonant frequency 
caused by the slow-varying tip magnetic field, 
and (iv) variations in Q caused by changes of 
tip-atom distance (Fig. 2D) or variations in Var. 
To understand and improve the spin coherence 
time, we applied multipulse spin manipulation 
sequences (Fig. 3). 

Figure 3B shows the Ramsey fringes mea- 
sured on a single Ti atom by applying two 
1/2 pulses separated by a time delay t, where x 
represents an RF pulse that flips the spin from 
||) to |t). The RF frequency was intentionally 
detuned from the resonance so that during the 
free evolution 1, a phase was accumulated be- 
tween the two spin components. The time delay 
t thus determined whether the spin returned to 
the ||) state or continued to evolve to the |‘) 
state, leading to interference fringes. We di- 
rectly controlled the Ramsey fringe frequency 
by choosing the frequency detuning f- fo (Fig. 
3B, inset). 

The decay of the Ramsey signal with t also 
gave a coherence time 7}, which was about 40 ns. 
T} was not substantially longer than TR, 
indicating that decoherence was dominated 
by sources other than current induced by Vpr 
or slow variations in Q. 

To improve the coherence time, we performed 
a Hahn-echo pulse sequence, consisting of a 1 
pulse placed between two 1/2 pulses: 1/2- 
1/2—n-1/2—n/2, where t is the duration of free 
precession (Fig. 3C). This sequence decoupled 
the Ti spin from any slowly changing magnetic 
fields (32). Here, the last 1/2 pulse served as a 
homodyne detection pulse (7). The echo signal 
decayed exponentially with a time constant 
T> = 189 + 23 ns (Fig. 3D), which is several 
times longer than 7*! or T;. This result in- 
dicates that the Ramsey coherence time 7; 
was limited by slow field variations that can 
be canceled by the echo technique. The main 
remaining decoherence source is the tunnel- 
ing current and scattering electrons from the 
tip and substrate, and thus we would expect 
lower tunnel current and thicker MgO (37) to 
further extend 75. 

We further demonstrate coherent operations 
on coupled-spin states in designed atomic struc- 
tures by assembling Ti atom pairs at chosen 
spacings (Fig. 4) (24). The spin Hamiltonian of 
a Ti spin dimer (S, and S,) is 


H= 76 + Aint (2) 


which consists of the Zeeman energy H7ee = 
yh(Bext + Brip)Siz + yhBextSo, and the inter- 
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action energy Hint = JS;- S2 + D(3S\,82,— 
S, -S.) (supplementary text section 11) (24). 
The Ti spin under the tip is S;. Hin; contains an 
exchange coupling with strength J and dipolar 
coupling with strength D and produced a four- 
level energy spectrum with an unequal energy 
spacing, which could be characterized by CW- 
ESR (24, 26). 

The spin dimer in Fig. 4A had an interaction 
energy of ~0.1 GHz, much smaller than the 
Zeeman energy difference between the two spins 
induced by the tip field (~0.35 GHz). The energy 
eigenstates thus remained approximated as 
Zeeman product states (||), || ft), |t¥), and 
| ')) (24). We performed controlled rotation 
of the spin under the tip (target spin), condi- 
tionally on the state of the other spin (control 
spin). When a pulse was applied at frequency 
Jy (Fig. 4B), matching the energy spacing be- 
tween the first and third energy levels (Fig. 4A, 
right panel), only the ||) -> |t/) transition 
was resonant with the RF field. Correspond- 
ingly, the RF field flipped the target spin if, 
and only if, the control spin was in state | 1) 
(Fig. 4C, right panel). Similarly, a x pulse at 
frequency /;; flipped the target spin when the 
control spin was in state | ft). This capability pro- 
vides a possible realization of a CNOT gate (33). 

The spin dimer in Fig. 4E had a larger in- 
teraction of ~0.9 GHz, which overcame the mag- 
netic asymmetry created by the tip and caused 
two of the quantum eigenstates to strongly mix 
to form states || ft)-o|t¥) and |t¥)+al|f) 
with a = 0.7 (24). The other two eigenstates 
remained the Zeeman product states (Fig. 4E, 
right panel). We coherently excited the system 
from the ground state ||) to either of the 
mixed states. When the RF pulse was tuned to 
transition I (Fig. 4F), || 4) evolved into | f') 
-a|t) for a x pulse (Fig. 4G, left). In compa- 
rison, an RF pulse at the frequency of transi- 
tion III coherently rotated || ¥') into |t!)+o{ 1) 
(Fig. 4G, right). The Rabi frequency Q grew in 
proportion to Vpr for these two transitions (Fig. 
4H). For any given Vr, the ratio of Q for these 
two transitions depended only on the state 
mixing o (supplementary text section 11). As 
we increased the tip field, the state mixing was 
reduced (24), and thus the ratio of Q between I 
and III became smaller (fig. $13). This tunable 
tip magnetic field thus provided control of the 
energy-level structures and Rabi rates. 

Combining pulsed ESR with STM manipu- 
lation paves the way for the coherent excitation 
and detection of many-body states of artificial 
spin structures, such as topological quantum 
states of atomic chains (34). The exchange- 
field-driven coherent manipulation should be 
applicable to other solid-state spin systems (fig. 
S14) (5, 7). The time-domain ESR spectroscopy 
could extend the sensing capabilities of a single- 
atom quantum sensor (8, 9, 32) and possibly also 
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be used for quantum information applications 
using surface atoms (33, 35). 
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University of New York, Albany, NY 


IMPERILED CULTURAL HERITAGE: 
MITIGATING THREATS, CO-PRODUCING 
KNOWLEDGE 

Organized by Alyne Delaney, Aalborg 
University, Denmark 


IMPLICIT BIAS, EXPLICIT SCIENCE 
Organized by Erin Heath, AAAS, 
Washington, DC 


LEARNING FROM PROTACTILE 
DEAFBLIND COMMUNITIES: TOWARD A 
MORE TACTILE FUTURE 

Organized by Terra Edwards, Saint Louis 
University, MO; Diane Brentari, University 
of Chicago, IL 


POLITICAL ANIMALS: BEHAVIOR, 
KNOWLEDGE, REASON, AND 
TOMORROW'S POLICYMAKING 
Organized by David Mair and Marton Hajdu, 
European Commission Joint Research Center, 
Brussels, Belgium 


PSYCHOLOGICAL SCIENCE: LESSONS 
FOR THE LAW 

Organized by Nora Newcombe, Temple 
University, Philadelphia, PA 


RESPONDING TO CLIMATE CHANGE: 
SCIENCE, RELIGION, AND CULTURAL 
PRACTICES 

Organized by Curtis L. Baxter and Lilah 
Sloane, AAAS, Washington, DC 


USING DATA AND AI TO DISRUPT SEX 
TRAFFICKING 

Organized by Barbara Mack, National 
Council of Juvenile and Family Court 
Judges, Seattle, WA 


The Future of Food 


CROP DIVERSIFICATION: ENSURING A 
SUSTAINABLE GLOBAL FOOD SUPPLY 
Organized by Raul Zornoza, Technical 
University of Cartagena, Spain; Antoine 
Messean, National Institute for Agricultural 
Research, Thiverval-Grignon, France 


FOOD OF THE FUTURE: DEVELOPING 
NEW, SUSTAINABLE, AND HEALTHY 
SOURCES 

Organized by Jens Wilkinson, RIKEN, 
Saitama, Japan 


FOOD SAFETY REGULATIONS: 
CARCINOGENS AND THE RELEVANCE 
OF THE DELANEY CLAUSE 

Organized by Mansi Krishan, Danone North 
America, Louisville, CO; Lisa Navarro, 
Givaudan Flavors Corporation, Cincinnati, OH 


HERBICIDE RESISTANCE: CATALYZING 
TRANSDISCIPLINARY SCIENCE 
Organized by David Ervin, Portland State 
University, OR 


IMPROVING FOOD SECURITY POLICIES: 
INNOVATIVE AGRICULTURE AND 
MARKET MONITORING 

Organized by Felix Rembold, European 
Commission Joint Research Centre, Ispra, 
Italy; Inbal Becker Reshef, University of 
Maryland, College Park, MD 


NOURISHING PEOPLE AND PLANET: 
BUILDING A BETTER, BALANCED FOOD 
SYSTEM FOR 2050 

Organized by Catherine Woteki, lowa State 
University, Ames, IA 


SUSTAINABLE AGRICULTURE: 
LAUNCHING STANDARDIZED 
MICROBIAL ECOSYSTEMS 

Organized by Trent Northen, Lawrence 
Berkeley National Laboratory, Berkeley, CA; 
Jo Handelsman, University of Wisconsin- 
Madison, WI 


TOMORROW'S TABLE: PLANT GENETICS 
AND THE FUTURE OF FOOD 

Organized by Pam Ronald, University of 
California, Davis, CA 


USING COMPUTING TO SUSTAINABLY 
FEED A GROWING POPULATION 
Organized by Shashi Shekhar, University of 
Minnesota, Minneapolis, MN; James Hodson, 
Al for Good Foundation, El Cerrito, CA 


Transforming Future Learning 


CITIZEN SCIENCE AND BIG DATA: FROM 
ENGAGEMENT TO ACTION 

Organized by Julia K. Parrish, University of 
Washington, Seattle, WA 


DIVERSITY, EQUITY, AND INCLUSION: 
RECOMMENDATIONS FROM PHYSICS 
AND ASTRONOMY 

Organized by Arlene Modeste-Knowles and 
Philip W. Hammer, American Institute of 
Physics, College Park, MD 


FINDING THE LOST EINSTEINS 
Organized by Michael Feder, AAAS, 
Washington, DC 


INCLUSION IN THE ACADEMY: 
EXPLORING IDENTITY AND EQUITY IN 
THE STEM COMMUNITY 

Organized by Lina Dahlberg and Robin 
Kodner, Western Washington University, 
Bellingham, WA 


INCLUSIVITY AND EQUITY IN COURSE- 
BASED UNDERGRADUATE RESEARCH 
EXPERIENCES 

Organized by Jeffrey Olimpo, University of 
Texas at El Paso, TX 
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MENTORSHIP: TOWARD A CULTURE OF 
EFFECTIVENESS AND INCLUSIVITY 
Organized by Maria Lund Dahlberg, National 
Academy of Sciences, Engineering, and 
Medicine, Washington, DC 


PUBLIC ENGAGEMENT AT 
UNIVERSITIES: PATHWAYS FOR 
INSTITUTIONAL SUPPORT 

Organized by John Meyer, University of 
Washington, Seattle, WA; Emily Cloyd, AAAS, 
Washington, DC 


STEM RESEARCH EXPERIENCES FOR 
HIGH SCHOOL STUDENTS 

Organized by Raja GuhaThakurta, University 
of California, Santa Cruz, CA; Or Graur, 
Harvard-Smithsonian Center 

for Astrophysics, Cambridge, MA 


STRENGTHENING SUSTAINABILITY 
PROGRAMS AND CURRICULA IN 
HIGHER EDUCATION 

Organized by Lida Beninson, National 
Academies of Sciences, Engineering, and 
Medicine, Washington, DC 


TRANSFORMING HIGHER EDUCATION 
CULTURE: COORDINATING REFORM 
WITH AGENTS OF CHANGE 

Organized by Barbara Natalizio, The Rita 
Allen Foundation, Princeton, NJ; Erica 
Kimmerling, American Academy of Arts and 
Sciences, Cambridge, MA 


WOMEN IN STEMM: ADDRESSING 
UNDERREPRESENTATION 

Organized by Alex Helman and Ashley 

Bear, National Academies of Sciences, 
Engineering, and Medicine, Washington, DC 


Urban Futures 


BIOLOGICAL INVASION FORECASTING: 
UNITING CLIMATE CHANGE, 
TRANSPORT, AND TRADE 

Organized by Erin Grey, Governors State 
University, University Park, IL; David Lodge, 
Cornell University, Ithaca, NY 


FACTORIES REIMAGINED: MAKING 
INDUSTRIAL WORK MORE APPEALING 
Organized by Erastos Filos, European 
Commission Research and Innovation 
Directorate, Brussels, Belgium; Eija Kaasinen, 
VTT Technical Research Centre of Finland 
Ltd., Tampere, Finland 


NATURAL HISTORY COLLECTIONS AND 
BIODIVERSITY’S FUTURE 

Organized by Keegan Sawyer and Audrey 
Thevenon, National Academies of Sciences, 
Engineering, and Medicine, Washington DC 


SMART NEW ENERGY VEHICLES AND 
INTELLIGENT TRANSPORTATION 
Organized by Yingjun Qiao, Chinese Academy 
of Engineering, Beijing, China 


SOCIALLY INTEGRATIVE CITIES: PAVING 
THE WAY TO URBAN SUSTAINABILITY 
Organized by Bernhard Miller, Leibniz 
Institute of Ecological Urban and Regional 
Development, Dresden, Germany 


URBAN PAVING IS GOING PLACES 
Organized by Cesare Sangiorgi, University 
of Bologna, Italy; loannis Bitsios, European 
Commission Research Executive Agency, 
Brussels, Belgium 


URBAN RESILIENCE AND EMERGENCY 
RESPONSE: THE CLIMATE CHANGE 
PERSPECTIVE 

Organized by Julie Dirwimmer, Fonds de 
recherche du Québec, Montréal, Canada 


URBAN SUSTAINABILITY: SUPPORT 
FROM ARTIFICIAL INTELLIGENCE AND 
BIG EARTH DATA 

Organized by Daniele Ehrlich, European 
Commission, Ispra, Italy 


awans Flash Talks 


Brief presentations highlighting scientific findings and programs 


Al-powered Ultrasound Diagnoses Pneumonia Faster, Better 
than Experts 


Biodiverse Soil Ecosystems: Influencing Climate, Industry, 
and Life 


Building Resilient Communities During Times of High Risk 
and Uncertainty 


The Cancer Paradox: Mutational Secrets Hidden in the 
Animal Kingdom 


Communication, Preparation, and Response: The Effects 
of Environmental Threats on Health and Behavior 


Crop Mutation Application Under Climate Change Mitigates 
Environmental Pollution 


Discipline-based Education Research: Informing a More 
Effective Undergraduate STEM Experience 


The Future of Earth’s Ice: A Human Action Story 
Gene Editing Goes Global 


The Global Disinformation Index: Finding Those Who Corrupt 
the World’s Information 


How Decision-Support Technology Pumps Up a Sustainable 
Groundwater Ecosystem 


lodide: A Primordial Antiperoxidant for Treating Trauma 


Let’s talk! Bilingualism as One-Health Approach to Understand 
Neurocognitive and Social Plasticity 


Making Medicines Personal: Is It All in Your Genes? 
Non-alcoholic Fatty Liver Disease: It’s All in Your Head 
Population Health Goals for Tomorrow’s Earth 


Prevalent Plasticizers, Chemotherapeutic Agents, and 
Disruptions to Embryo Development 


Safe Drinking Water for All: Spotting Bacterial Contamination 


Stress, Sex, and Inflammation: Metabolic Mediators in 
the Brain 


ScienceCareers Workshops 


Opportunities to gain advice and strategies from experienced STEM professionals 


Building A Responsive Network For Tomorrow's Science 
Communication Needs 


Bull’s Eye: Developing Specific Aims for a Successful 
Research Proposal 


Careers in State Science, Technology, and Innovation Policy 


Citizens, Scientists, and Elections: How Scientists are 
Engaging in 2020 


Communications, Engagement and Advocacy: The Role of 
Science in Decision-making 


Crafting a Narrative for Your Post-academic Career 


Envisioning the Global Professional: Uncovering Career 
Opportunities Worldwide 


Envisioning Tomorrow’s STEM Workplace: Think Globally, 
Act Locally 


Envisioning Your Career of Tomorrow, Today 

European Union Grants: Shake Up Your Research Abroad 
Exploring Careers at National Laboratories 

Exploring Diverse Avenues to a Career in Science Policy 


Friends of the Science Pod: Podcasting, Outreach, and 
Professional Networking 


From the Bench to the Ballot: Scientists in Elected Office 
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The (Gross) Anatomy of Responding to Peer Review 
Commentary 


How to Make Compelling Outreach Videos When Your 
Science Seems Dull 


How Youth Can Contribute to the Sustainable 
Development Goals 


Impacting the Research Enterprise Through Careers in 
Research Development 


Learning to Manage and Mentor: Skills for Long-term Success 
in Science 


Make ‘em Laugh: Science Comedy to Ignite Curiosity and 
Increase Self-confidence 


Navigating Difficult Situations in Public Science 
Communication 


OUT on the Job Search: Finding a Welcoming Environment 


Science in the Public Arena: Informing Decision Makers in 
High-Profile Settings 


Shaping STEM Policy without Changing Careers: Local 
Government Opportunities 


Strategies for Securing Philanthropic Funds in Science 
and Health 


Teaching Inclusively with Evidence-Based Strategies 


Sponsorship and Exhibit Spaces 
Still Available 


Enhance your visibility at the AAAS Annual 
Meeting. Don’t miss this chance for your 
research, products, and services to grab the 
attention of researchers, scientists, engineers, 
journalists, policymakers, educators, students, 
hiring managers, and funding agencies. 


Visit aaas.org/meetings for more information. 


Advance registration rates are available now through January 24, 2020. 
On-site registration rates will apply thereafter. 


General Attendee 
Postdoc 

K-12 Teacher 
Retired Professional 
Student 


One-Day 


Advance Rates for 
AAAS Member 


for members in good standing 


$310 
$135 
$135 
$250 
$65 

$175 


Advance Rates for On-site Rates after 
Non-Member 1/24/2020 
for all other attendees AAAS Member/Non-Member 


$440 $380/480 
$260 $135/280 
$360 $135/380 
$360 $295/380 
$95 $75/105 

$220 $200/240 


REPORTERS: The AAAS Annual Meeting Newsroom will be hosted on EurekAlert! at eurekalert.org/aaasnewsroom 
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Breath Sampler and Portable Air Supply 
Owlstone Medical introduces the ReCIVA- 
Breath Sampler and CASPER Portable 
Air Supply, designed to support internal 
biomarker discovery programs and those 
of academic and biopharma clients, and to 
wal fi\ = measure levels of known volatile organic 
’ ts = compounds (VOCs) on breath. CASPER 
ie | . features a range of benefits, such as unit- 
ing the airflow pump and filter into a single 
casing that connects directly to the ReCIVA Breath Sampler, the use of 
filter cartridges that can be easily replaced, and active warnings when the 
cartridges need changing or when temperature or airflow issues occur. In 
addition, we have implemented new software to monitor subject breath- 
ing and VOC collection through ReCIVA, including a simpler user interface 
and the ability to set different levels of access to settings for different 
users. 
Owlstone Medical 
For info: 203-908-4848 
www.owlstonemedical.com 


Human IgG Detection Kit 

Sphere Fluidics offers the Cyto-Cellect Human IgG Detection Kit, to be 
used in conjunction with the Cyto-Mine Single Cell Analysis System for 
rapid, cost-effective measurement of antibody class and productivity in 
cell line development. The Cyto-Cellect Kit has been developed to provide 
Cyto-Mine users with a convenient, standardized assay format for the 
detection of secreted human antibodies in picodroplets. The sensitive, 
fluorescence resonance energy transfer (FRET)-based assay rapidly de- 
tects the presence of human immunoglobulin G (IgG) with kappa (k) light 
chain after secretion from encapsulated cells, to characterize and meas- 
ure antibody production. Rapid detection of IgG enables high-throughput 
identification and selection of cells with the highest productivity for more 
efficient cell line development. With optimized ratios of Sphere Fluidics’ 
Human IgGx Detection probes, Cyto-Cellect offers a sensitive, robust 
assay ideal for streamlining cell isolation and titer determination. This 
animal origin-free reagent kit delivers confidence in the reproducibility 
and consistency of the assay and conforms to regulatory requirements in 
cell line development. 

Sphere Fluidics 

For info: 888-258-0226 
spherefluidics.com/cyto-cellect-human-igg?-detection-kit 


Culture Media 

FUJIFILM Irvine Scientific introduces the BalanCD Gal Supplement. This 
formula has been developed to increase galactosylation in biotherapeutic 
development, and to help achieve desired glycan profiles for improved 
product quality and antibody efficacy. Glycosylation is a critical aspect in 
development and optimization of protein-based therapeutics. The type 
and level of glycosylation can significantly affect antibody binding, func- 
tion, and therapeutic efficacy. Galactosylation (the glycosylation of galac- 
tose) is a key method for controlling product quality due to its significant 
impact on antibody function, and the ability to control galactosylation 
levels through the cell culture medium. BalanCD Gal Supplement is a 
chemically defined, animal component-free formula designed to increase 
N-linked galactosylation with a scalable protocol, offering researchers a 
simple method to control the process through the cell culture medium. 


LIFE SCIENCE TECHNOLOGIES 


new products 


The supplement is effective at low concentrations and is compatible with 
any basal growth medium. 

FUJIFILM Irvine Scientific 

For info: 800-577-6097 

www.irvinesci.com/industrial-cell-culture 


EV Targeting Kit 

The XStamp Pro Streptavidin EV Targeting Kit gives you virtually unlimited 
target specificity options. Just decorate the outside of your extracellular 
vesicles (EVs) with XStamp Pro Streptavidin and then attach the bioti- 
nylated targeting moiety partner of your choice, such as a biotinylated 
single-chain variable fragment (scFv) antibody. Save time and simplify 
your EV engineering workflow with XStamp Pro. While conventional 
methods for creating target-specific EVs are highly robust, they involve 
cloning and manipulation of the producer cells, which can be challenging, 
especially if the cells are hard to transfect. To streamline this process and 
help researchers more quickly and easily create EVs that preferentially 
localize to a specific target, System Biosciences turned to an exciting new 
technology, XStamp Pro, which works on already purified Evs—no cloning 
or transfection required. Simply incubate purified EVs with the XStamp 
Pro reagent for 1 h and then isolate your target-specific EVs. 

System Biosciences 

For info: 888-266-5066 

systembio.com 


Confocal Objectives 

Molecular Devices announces water immersion objectives as a high- 
performance customization for the ImageXpress Micro Confocal High- 
Content Imaging System. Water immersion objectives can offer signal 
increases of up to fourfold, which can help scientists see deeper into 3D 
and thick tissue samples at lower exposure times. These objectives also 
improve z-resolution and spherical aberrations; enable sharper, crisper 
images; and offer access to more data than ever before. The Micro Con- 
focal system is a high-content solution that can switch between widefield 
and confocal imaging of fixed and live cells. It can capture high-quality im- 
ages of whole organisms, thick tissues, 2D and 3D models, and cellular or 
intracellular events. Molecular Devices can successfully tailor the system 
to include customized software and hardware as well as integration of 
other lab components, such as incubators, liquid handlers, and robotics. 
Molecular Devices 

For info: 800-635-5577 

www.moleculardevices.com 


Miniature Solenoid Valve 

The genvi solenoid valve provides outstanding application versatility and 
unmatched reliability at an economical price. One of the key objectives 
in developing the genvi solenoid valve was to challenge the limitations 
of current fluidic technologies by allowing designers to use a miniature, 
low-power solenoid valve without compromising system-level flow-rate 
requirements. As a result, the valve is capable of achieving minimum flow 
rates of 30 to 40 standard liters per minute (SLPM) at 15 psi differential 
(psid), and its spike-and-hold profile results in ultralow power consump- 
tion (318 mW) during continuous duty operation on air and compatible 
gas applications. These valves are designed to provide response times 
of less than 10 ms in applications with an operating temperature range 
from 40°F to 120°F. Typical applications for the valves include molecu- 
lar diagnostics, oxygen delivery, environmental monitors, compression 
therapy, and breath analyzers. 

Lee Products 

For info: +44-(0)-1753-886664 

www.leeproducts.co.uk 


Electronically submit your new product description or product literature information! Go to www.sciencemag.org/about/new-products-section for more information. 


Newly offered instrumentation, apparatus, and laboratory materials of interest to researchers in all disciplines in academic, industrial, and governmental organizations are featured in this 
space. Emphasis is given to purpose, chief characteristics, and availability of products and materials. Endorsement by Science or AAAS of any products or materials mentioned is not 


implied. Additional information may be obtained from the manufacturer or supplier. 
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A 
Science 2019 
TOP EMPLOYER 


Breakthroughs, impact, and purpose 


The 17th annual Top Employers Survey features a surprise: 
Alnylam Pharmaceuticals, an RNA-interference therapeutics 
company headquartered in Cambridge, Massachusetts, earned 
the No. 1 spot in its first appearance in the survey rankings. 
Some responses from the biotechnology and pharmaceutical 
industry are similar to those in previous surveys, however. 
Respondents valued innovation above all, while noting industry 
changes around drug pricing, regulations, and policies as well 
as an increasing emphasis on artificial intelligence and machine 
learning. By Chris Tachibana 


ollowers of the annual Top Employers Survey from 
Science Careers will notice something new this year. 
The highest ratings in 2019 went to newcomer Alnylam 
Pharmaceuticals. The U.S.-based company of more 
than 1,200 employees develops RNA-interference (RNAi) 
therapies. In the three previous years, the top employer was 
Regeneron Pharmaceuticals in New York, which is No. 2 
this year, followed by the Delaware-based pharmaceutical 
company Incyte. “We're very excited,” says Alnylam CEO John 
Maraganore regarding the company’s Top Employer status. 
“We've grown a lot lately and our success depends on having a 
highly engaged team.” 

Many other features of the survey remain unchanged, 
however. As happened in recent years, more than 7,500 people 
responded. About 95% reported working in the biotech 
and pharma industry, and 80% were age 30 years or older. 

This year, the proportion of survey respondents from North 
America increased to 72% from 63% in 2018. The proportion 
from Europe dropped from 24% to 19%, and the fraction from 
the Asia/Pacific Rim fell from 9% to 7%. 

Innovation has been a leading driver of top employer status 
since the survey began in 2002, and this year was no exception. 
Other reasons for recognition as a top employer were 
treating employees with respect and having company values 
that align with theirs. Being socially responsible and having 
leadership that can make needed changes were also important 
characteristics of top companies. 


Upcoming features 


The most noteworthy current and expected changes in 
the industry, based on open-ended comments from survey 
respondents, focused on cost-cutting, pressures around 
drug pricing, and the political environment, including drug 
regulation policies and changes at the U.S. Food and Drug 
Administration (FDA). Mergers and acquisitions, outsourcing, 
and the impact of artificial intelligence (Al) were noted, along 
with the rising pace of industry research. 

Representatives of some top companies gave their 
perspectives on these and other issues. They discussed how 
their organization maintains an innovative edge and excels as 
a workplace, and how the increasing use of Al affects work and 
work culture. 


The top five innovators: Breakthroughs in products 
and pricing 

Alnylam joined the Top Employers list with a splash, reaching 
the top spot in its first year of inclusion in the survey. It’s been 
a year of breakthroughs for the company. In August 2018, 
Alnylam received the FDA's first-ever approval for an RNAi 
therapy. Alnylam’s Onpattro treats neurological symptoms, 
such as numbness in patients with hereditary transthyretin- 
mediated amyloidosis. This rare, potentially fatal disease 
affects about 50,000 people worldwide. 

Maraganore says that having the first RNAi therapy on the 
market is a clear sign that Alnylam is an innovative leader, 
which is what survey respondents valued most in a biotech or 
pharma company. “We are pioneers in bringing a whole new 
class of medicines to market,” he says. “And before that, we 
pioneered bringing this technology to clinical trials.” 

Alnylam regularly conducts internal work culture surveys 
and develops improvement plans based on the results, 
Maraganore says: "We view feedback from employees as a big 
gift, and we harness that to continuously make our company 
better.” Employees notice innovations in benefits, Maraganore 
says, for example, an in-house diversity and inclusion team 
that works on issues such as equity in race, gender identity, 
and sexual orientation. This initiative aligns with the cont.> 
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employee value of 
social responsibility, 
consistently rated 

in the survey asa 
characteristic of the 
best companies. 
Diversity is also 

a trending issue 

in the industry. 
Maraganore just 
stepped down after 
two years chairing 
the Biotechnology 
nnovation 
Organization (BIO) 
Board of Directors. 
At the last BIO 
nternational meeting, 
BIO launched the 
Right Mix Matters 
campaign to provide 
companies with 
resources to increase 
diversity in leadership 
positions. 

Maraganore also 
notes employee 
work-life benefits, 
such as programs for 
working at home and 
for spending time on 
an exploratory project 
not directly related to Alnylam R&D. This opportunity can pay 
off for the company in a big way. “We recently figured out how 
to deliver our drugs to the central nervous system, which opens 
up our pipeline to a range of neurodegenerative diseases,” he 
says. "That opportunity happened because we gave a small 
group of employees the freedom to take 20% of their time to 
explore a new idea.” 

Drug pricing is at the nexus of a number of topics—including 
access to medicines, cost-cutting, and politics—that survey 
takers raised when asked to name notable industry changes. 
Many companies with groundbreaking but high-cost 
drugs are developing novel pricing schemes. Maraganore 
mentions Onpattro pricing related to both innovation and 
social responsibility, saying that company representatives 
proactively met with health care payers (insurance companies 
and other health plan sponsors) to negotiate value-based 
reimbursement. In these plans, payments made by payers to 
the company are linked to patient response to drug therapy. 
“With other drugs,” he says, “you pay even if they don’t work. 
We believe in our product so we're willing to put skin in the 
game with value-based reimbursement.” 

At No. 4, Merck KGaA is a contrast to the newer companies 
in the top five: Merck KGaA celebrated its 350-year 
anniversary in 2018. (The company is legally independent 
from U.S.-based Merck & Company and has headquarters in 
Darmstadt, Germany.) Nonetheless, in common with other top 
employers, Merck KGaA prioritizes thinking ahead, adapting, 
and communicating. This strategy is how the company takes 
advantage of opportunities and innovations, said member of 
the Executive Board and CEO of Healthcare Belén Garijo. In 
an email, she said Merck KGaA's long-term success centers 
around maintaining connections to all stakeholders, including 
employees, business leaders, and customers. 


Top Twenty Employers 
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The 20 companies with the best reputations as employers and the top three driving characteristics for each company, according to respondents in the 2019 survey undertaken for the Science/AAAS 


The companies without a 2018 rank did not receive enough mentions to qualify or did not receive a high enough ranking from the 2018 survey. 
The fifth attribute in the above table is “Has top leadership that successfully makes changes needed to keep the organization moving in the right direction." 


Spark Therapeutics, like Alnylam, celebrates its first year of 
survey inclusion by entering the survey at No. 5. Like Alnylam, 
Spark brought a groundbreaking therapy to market in 2018 
with the first U.S. commercial sales for a gene therapy product. 
Luxturna treats vision loss from a rare, inherited retinal 
dystrophy disease. 

Founded in 2013, Spark is headquartered in Philadelphia, 
Pennsylvania, and has more than 400 employees. Katherine 
High, president and head of R&D, says the company’s 
innovation is demonstrated by Luxturna and four other gene 
therapies in clinical trials, with more in the pipeline. High 
recently talked to an employee with a background in more 
traditional pharmaceutical work who noted the transformative 
effect of gene therapy. “A lot of drug programs are just trying 
to have a narrow margin of superiority over others,” High says. 
“With gene therapy, as long as the program is well thought out, 
we see very clear therapeutic effects.” 

Spark was highly rated by survey participants for having a 
work culture that aligns with employee values. To describe the 
company’s culture, High uses the adjective “dynamic.” One 
employee, she says, noted that “there’s high speed, there’s 
warp speed, and there’s ‘Spark speed.’” Employees see their 
programs progressing, High explains, and watch their hard 
work move products from preclinical to clinical stages—and in 
Luxturna’s case, to commercial success. “All that is exciting,” 
she says. 

On the topic of drug pricing, High lists factors that her 
company considers when setting prices. The diseases for 
which Spark is developing gene therapies, such as retinal 
dystrophy, have no available treatments or have high unmet 
needs. An example of the latter is hemophilia, which requires 
frequent infusions of clotting factor. A one-time gene therapy 
intervention could save money over treatments that cont.> 
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must be administered 

over a lifetime and may 
treat only symptoms, not 
causes. Pricing also needs 
to reflect the investments 
of developing a one-time 
therapy and should allowa 
company to be sustainable, 
High notes. 

To provide patients access 
to needed therapies, Spark 
is pursuing several strategies 
in the United States focused 
on health care payers, 

High says. The strategies 
include installment plans 
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1. Innovative leader in the industry 

2. Treats employees with respect 

3. Is socially responsible 

4. Has work culture values that are aligned with personal values 


keep the organization moving in the right direction 
6. Has a clear vision of where it is headed 


for payments as well as 
outcome-based rebates 
derived from the same 
principles as Alnylam’s value-based reimbursements. For 
example, if patients don’t achieve expected outcomes based 
on Phase Ill clinical trial results, payers are eligible for a rebate 
from Spark. Because gene therapy is administered at only a 
few medical centers in the country that have specially trained 
personnel, agreements with payers ensure that no matter 
where patients are treated, they pay in-network rates, as 
though they received care in their home area. 

In another novel approach called “buy and bill,” payers 
rather than medical centers purchase the therapy. This plan 
reduces the financial risks to medical centers—for example, 
from buying therapies that patients don’t end up using—and 
eliminates markup costs that payers might otherwise incur. 
Spark is also looking into installment plans for payments tied 
to therapy effectiveness, but because of U.S. health care 
complexities, this requires state-by-state arrangements. 

With regard to survey participants’ comments about mergers 
and acquisitions, High has direct experience with employee 
concerns about this situation. Roche is in the process of buying 
Spark after the boards of both companies unanimously agreed 
to the acquisition. Employees are positive about the merger, 
High says. “We'll have to see how it unfolds over time, but 
we see this as an opportunity to access additional financial 
resources to push our work forward. | personally think it’s 
exciting,” she adds. “Roche is a world-class drug developer.” 


Emphasizing persistence and purpose 

The acquisition would add Spark to the Roche group, which 
includes Genentech, this year at No. 8 in the survey. Founded 
in 1976, with headquarters in South San Francisco, the well- 
established Genentech is a contrast to Spark. While this is 
Spark's first year in the survey, Genentech is the only company 
to have been one of the top employers since the survey started 
in 2002, setting the standard for the entire field. 

While the term “speed” (along with “well thought out”) 
comes up in High’s description of the Spark culture, Mike 
Varney, Genentech’s executive vice president of research and 
early development, uses the word “patience” to describe his 
company’s scientific approach. The Roche group has room for 
both Spark and Genentech, however, because of a common 
overall culture. “We all value rigorous science,” Varney says, 
“but Genentech and others in the Roche group maintain their 
own subculture. We build the organization the way we want 
and create the kind of work culture that will facilitate our 
innovation.” 


oyer rankings 


Genentech maintains its status as an innovative leader by 
harnessing technology to deeply understand the biology of 
disease, Varney says. Initially, the company’s founders used 
this principle to translate the technology of gene cloning into 
medicines such as hormones. Later, company researchers 
focused on converting the specificity and binding affinity of 
antibodies into immuno-oncology therapies. 

“This business requires understanding complex biology,” 
Varney says, “so patience is a virtue and persistence is a huge 
component of success. We're willing to put the time and 
resources into solving problems.” He notes that distinguishing 
features of the company are its high ratio of discovery 
biologists to other employees and the commitment of its 
researchers to use data to guide their projects. 

Varney agrees with survey participants about the increasing 
pace required to move products through pipelines. “There’s 
no question that time matters,” he says, but emphasizes that 
the company’s approach is efficient and strategic in the end. 
Researchers don’t waste time pursuing medicines that their 
data do not support, but when their findings show promise, 
they continue. This is one reason so many of Genentech’s 
products are first-in-class therapies, Varney observes. “We 
believe in our biology so strongly that we stay in the game 
when others drop out.” An example, he says, is that company 
persistence resulted in their AKT (protein kinase B) inhibitor, 
now in clinical trials for cancer therapy. 

One of Genentech’s strengths in the survey was quality 
research with talented employees. An experiment-focused 
company attracts action-oriented people interested in 
exploring the unknown, Varney says. “There's no innovation 
without experimentation. In an innovative environment, you 
take action,” he says. “In a noninnovative environment, you 
analyze.” Genentech has long had programs that encourage 
researchers to explore avenues not always directly related to 
their company work. Currently, research leaders can apply 
for internal innovation funds or for a postdoc to work on an 
industry or academic project. 

In the midst of a general emphasis on multidisciplinary 
teams and flat structures, Genentech also holds to a single 
decision-maker model for its research teams. “You can have 
a freewheeling team with freedom to explore,” Varney says, 
“but someone has to make the decisions and point the team 
members in the same direction.” The decision-maker’s goal is 
to choose based on data and input from the team. This model, 
Varney says, "provides organizational clarity.” cont.> 
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At No. 9 this year was Eli 
Lilly, moving up from No. 
16 in 2018. The company 
is headquartered in 
Indianapolis, Indiana, but 
has a presence around the 
world. In an email, Terri 
Grant, vice president for 
human resources at Lilly 
Research Laboratories 
and Lilly Oncology, noted 
several factors that are 
attractive to employees. 
These include a focus on 
transformational medicines 
and a collaborative 
approach involving 80 
scientists, physicians, 
academic researchers, 
and contributors from 
health care organizations. 75 80 
Like Alnylam, Lilly is also 
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responding to employee 
feedback by working to 
increase diversity, including 
in management and leadership positions. 

A strength of Lilly compared to companies with similar 
rankings in the survey is social responsibility. Grant points to 
two programs that make the company stand out in this area. 
On Lilly's annual Global Day of Service, employees volunteer 
in their communities. Also, the company’s Connecting Hearts 
Abroad program sends about 100 employees a year ona 
two-week volunteer service assignment, for example to South 
Africa or Mexico. Participants help with health-related issues 
ranging from diabetes care to mobile community health 
screenings, gaining inspiration and experience that enhance 
their sense of purpose as employees. 

Syngenta, an agriculture company headquartered in Basel, 
Switzerland, was No. 10 this year, moving up from No. 14 
in 2018. Gusui Wu, head of seeds research, has been with 
the company for only a year, but says a reason for the rise in 
employer standing might be that after a period of change 
(including acquisition by ChemChina in 2017), Syngenta 
now has a clearer vision for the future. Both leadership and 
employees see a more definable role for Syngenta in the 
industry and in how it contributes to society. “Our industry is 
historically not seen as sustainable, but we have a vital role 
in food security,” Wu says, “so there’s now more emphasis on 
agricultural sustainability and meeting the challenge of climate 
change.” 

In fact, a strength of Syngenta relative to companies with 
similar rankings is corporate responsibility. Wu observes that 
company goals of helping feed the world while protecting the 
planet through sustainable agriculture align with employees’ 
personal values. By working on products that help farmers 
address issues such as drought, changes in crop pests, and 
diseases that arise from the climate crisis, he says, “our 
scientists feel they're doing good by coming to work 
every day.” 

According to Wu, Syngenta is in a unique position to 
help developing economies by lifting their agricultural 
productivity—for example, with products for insect and disease 
control. Syngenta research sites, corporate offices, and 
production plants are held to sustainability and environmental 
health standards with periodic audits, which may be another 


responsible action noticed by employees. 

Syngenta has made recent outreach efforts to the 
public and especially customers. “We believe people have 
misperceptions about what we do,” Wu says. To be clearer 
about the benefits of agricultural technology, this year 
Syngenta conducted a 90-day initiative consisting of listening 
sessions with, for example, consumers and farmer groups. 
One result was a long-term partnership with The Nature 
Conservancy, which got positive feedback from employees. 
Another initiative, focusing on soil health, aims to develop 
technologies that reduce nutrient loss in soil. 

Earlier this year, Syngenta began a project to facilitate 
R&D collaborations with farms, which has connected 
more than 100 Syngenta scientists with large agricultural 
operations, Wu says. The project's goals are sharing data, 
demonstrating technology, and collecting information on 
product performance. “Farmers get to see the technology 
we're working on,” he explains, “and scientists get direct input 
and feedback from farmers who will be using our products.” 
Also, like Alnylam, Genentech, and other companies, Syngenta 
has a competitive internal funding program for researchers to 
explore high-risk, high-return, creative projects separate from 
their product-development work. 

Since agrobusiness is going through a period of 
consolidation, Wu has insights about employee management 
during mergers and acquisitions. The 2017 acquisition of 
Syngenta by ChemChina was for the purpose of expansion and 
growth, and to help China increase agricultural productivity, 
he says, not for cost-cutting and reductions. Still, when 
two companies come together, regardless of the reason, 
processes, procedures, and cultures will change. Recognizing 
the inevitable disruption that Syngenta faced, the company 
instituted change management programs so employees 
understood the business rationale for the acquisition and what 
it meant to them. “The worst situation is leaving employees 
and the organization in uncertainty,” Wu says. “The ambiguity 
can be unsettling.” 

Communication is critical; it’s especially important to ensure 
that employees hear frequently from corporate leaders and 
their own supervisors, Wu says. “Even if we don't cont.> 
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have answers, we explain that we're trying to get clarity 
on questions. We report progress and keep employees as 
informed as possible.” 


Bringing in Al and ML 

In addition to pressures related to drug pricing and mergers 
and acquisitions, survey participants consistently note industry 
changes, including the rising use of automation, Al, and 
machine learning (ML) in research. At Alnylam, for example, 
Maraganore says Al and ML are enhancing effectiveness in 
multiple ways, from identifying sequences for designing RNAi 
drugs to locating patients who might benefit from Onpattro. 

At Merck KGaA, Garijo says Al tools are expected to increase 
efficiency and effectiveness. The company has several Al- 
related agreements, including with Al drug-design company 
Iktos and proteome-screening company Cyclica. Merck KGaA 
also received a U.S. patent for a system that uses Al to protect 
supply-chain integrity. The system links physical objects, 
such as equipment parts or pills, with digital signatures that 
are securely stored with blockchain technology. This process 
ensures the authenticity of medicines but could also be 
used for products such as food and electronic devices, 

Garijo explains. 

Al tools fit the Genentech commitment to understanding the 
biology behind diseases, says Varney. He sees drug discovery 
as a sorting exercise, narrowing targets and candidates from 
a large pool down to the most promising. The company 
integrates data scientists within research teams to apply Al 
where it can make sorting more efficient. One example is 
an application that rejects small-molecule drug candidates 
when data indicate they are likely to be quickly metabolized. 
Another applies data to identify tumor-associated proteins that 
will be antigenic and easily displayed to the immune system 
for personalized cancer vaccines. By making sorting more 
efficient, "Al frees up scientists’ time so they can think and 
be creative and do other work that machines can’t do,” 

Varney says. 

GSK (GlaxoSmithKline), headquartered in Brentford, United 
Kingdom and at No. 16 this year, has long been a leader in Al 
and ML. GSK has used AI for traditional R&D, such as small- 
molecule drug discovery. Recently, the global pharmaceutical 
company stepped up its AI-ML game. 

In 2018, Hal Barron became GSK’s chief scientific officer and 
president of R&D. He is directing new investments in R&D, 
particularly in immunology, human genetics, and advanced 
technologies. GSK is focusing its technology development on 
the intersection of human genetics data, functional genomics, 
and Al and ML to help understand human disease on a cellular 
level. Barron explains two points driving GSK R&D: (1) Less 
than 10% of drugs that enter clinical testing go to market, and 
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DEMOGRAPHICS 


GENDER: 
50% Male, 44% Female, 6% No response 


EXPERIENCE: 


71% have 10 or more years work experience 


HIGHEST DEGREE EARNED: 
33% Doctorate, 31% Master's, 30% Bachelor's, 6% Other 


COMPANY TYPE: 
21% Biotech, 40% Biopharma, 34% Pharma, 2% University, 3% Other 
More than 9 out of 10 work in private industry. 


NATURE OF WORK: 


13% Basic Research, 17% Applied Research, 26% Development, 
8% Production, 11% QA/OQC or Regulatory Affairs, 9% Executive, 16% Other 


GEOGRAPHY: 


72% North America, 19% Europe, 7% Asia/Pacific Rim, 2% rest of world 


(2) genetic validation increases the likelihood a medicine will 
succeed. This is why GSK developed partnerships with human 
genetics organizations such as 23andMe and Open Targets to 
use data to help identify new drug targets. 

To validate targets, GSK plans to incorporate CRISPR 
gene-editing technology for functional genomics through 
a partnership with the University of California. Researchers 
will use CRISPR to test how altering candidate genes or their 
expression affects human cells in vitro. Functional genomics 
generates “trillions of datapoints,” Barron says, so ML is 
essential for the next step—integrating the data and helping to 
understand relationships between genes and how mutations 
relate to disease. To support this work, GSK is building 
infrastructure, including an in-house data science group, a 
platform for integrating large datasets, and automated tools 
for data analysis. Barron expects these innovations to increase 
R&D speed from discovery to clinical trials to market. 


The bottom line: Having an impact 

The addition of Al and ML to drug development and 
marketing is speeding breakthroughs across the industry. 
More mergers, acquisitions, and consolidations are expected 
by survey participants, who also noted Brexit and upcoming 
U.S. elections as changes expected to affect the industry. 

The bottom line for pharma and biotech companies, 
however, is that employees need to feel that their company 
supports them in doing high-quality, rigorous, impactful work, 
Maraganore notes. “| believe our employees are invigorated 
to work for a company that is bringing innovative medicine to 
patients,” he says. "They're generating something brand-new 
and transformative, which creates a sense of pride and a sense 
of purpose.” 


To read this article online, view top employer profiles, and listen 


to podcast interviews, visit: ScienceCareers.org/TopEmployers 


Chris Tachibana is a freelance writer who specializes in life sciences. 
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Our approach to research and development is driven by the 
multiplier effect of Science x Technology x Culture, helping us 
to accelerate the pace at which we develop and deliver the 
next generation of transformational medicines for patients. 
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CARTER 
TRENDS 


POSITIONS OPEN 


UNIVERSITY of 
ROCHESTER 
MEDICAL CENTER 
Assistant Professor/ Associate Professor 


Center for Biomedical Informatics (CBI) and Department of 
Microbiology and Immunology 


The University of Rochester Medical Center (URMC) is expanding its 
research activities in the area of bioinformatics. We are seeking investigators 
at the Assistant Professor or Associate Professor level with independent and 
collaborative research programs. Six to ten faculty will be recruited into tenure 
track positions over the next three years. These faculty will join an existing 
group of collaborative, multidisciplinary colleagues performing research in 
complimentary fields. 


We are searching for investigators with expertise in the broad areas of 
bioinformatics, computational, and systems biology as applied to a research 
program studying infectious disease and immunity. Successful candidates 
will hold appointments in the CBI and the Department of Microbiology and 
Immunology. Investigators with research experience in the following areas 
would be especially qualified for this position: Genome and transcriptome 
informatics, systems biology, population genomics, machine learning, data 
mining, computational modeling, multi-dimensional integration of clinical, 
genomic, microbiome, metabolome, gene expression and epigenetic data. 


URMC offers attractive start-up packages and has a strong commitment to career 
development. The successful candidate is expected to develop a competitive 
research program, attract external funding, and participate in graduate education. 
Major recent institutional investments have created an outstanding research 
data-driven infrastructure, exemplified by the Health Sciences Center for 
Computational Innovation, and the recent $50 million University investment 
to build the Goergen Institute for Data Science. 


Interested individuals should submit a cover letter, CV, statement of research 
interests/plans, and arrange to have three letters of recommendation sent to: 
anne_reed@urmc.rochester.edu. Inquiries can be directed to Dirk Bohmann 
(dirk_bohmann@urmc.rochester.edu) or David Topham (david_topham@ 
urmce.rochester.edu). 
The University of Rochester is an Equal Opportunity Employer and has a 
strong commitment to diversity and actively encourages applications from 
candidates from groups underrepresented in higher education. 


SF UR | WILMOT 


MEDICINE CANCER INSTITUTE 
Aging/Cancer Biology Faculty Position 


The Wilmot Cancer Institute (WCI) at the University of Rochester Medical 
Center is currently recruiting tenure-track faculty as part of a major expansion 
of its translational and basic science research base. The biology of aging is 
an area of expanding interest at the WCI and the University as a whole. The 
successful candidate will join a growing multidisciplinary research community 
with an overarching focus on aging and its complex interaction with cancer. 
Scientists studying aging in relation to cancer cell metabolism, cancer stem cell 
biology, RNA biology, DNA repair, cancer (epi) genomics and systems biology, 
microenvironment influences on tumor behavior/immunology, and therapeutic 
resistance among other topics would be well suited for this position. The Wilmot 
Cancer Institute is the hub of cancer research at the University of Rochester, 
attracting more than $20M in cancer-directed funding annually. Formal research 
programs exist in Cancer Biology, Tumor Microenvironment and Immunology, 
and Cancer Control and Survivorship. The Wilmot Cancer Institute and UR 
Medicine are the major providers of comprehensive, multidisciplinary cancer 
care in central New York State and the Finger Lakes region, with >6000 new 
patients every year and an extensive clinical trials program providing opportunity 
for innovative translational research. 

Candidates should hold a PhD and/or MD degree and have a demonstrated track- 
record of research accomplishment in an area relevant to aging and cancer biology. 
Scientists making use of genomic/epigenomic approaches, bioinformatics, model 
organisms, tumor model systems and/or human specimens to address problems 
of translational relevance are strongly encouraged. New faculty will benefit from 
vibrant graduate/professional training programs and state of the art infrastructure 
and core facilities, as well as a strong Institutional commitment to career 
development. Appointments will be made at the Assistant Professor level although 
outstanding candidates at other levels will be considered, with commensurate 
expectations of research and funding accomplishment. Departmental affiliation 
will be determined according to best fit. Interested Individuals should submit a 
CY, statement of research interests/plans, pdfs of two key publications, and three 
letters of recommendation to the Search committee chairs Vera Gorbunova, 
PhD and Dirk Bohmann, PhD c/o Jaycee Bristol at Jaycee_Bristol@urmce. 
rochester.edu. Review of candidates will start December 1, 2019. 


The University of Rochester is an Equal Opportunity Employer and has a strong commitment to diversity 
and actively encourages applications from candidates from groups underrepresented in higher education. 


iangsu, referred to as “Su”, 
exists as one of the most open, 
prosperous and innovative 
regions in the Yangtze River Delta 
economic circle of China. With 
its economy thrives, culture and 
education also boom. 
Here, Jiangsu boasts picturesque 
scenery. There are refined ancient 
towns, famous temples of several 
thousand years, classical gardens, 
beautiful lakes and mountains, 
emperors’ tombs and historical 
capital city sites. 
Here, Jiangsu enjoys a fame for 


celebrities. In the past, there were 


Zu Chongzhi, Shen Kuo, Xu 
Guangqi, Xu Xiake, etc. Today, 
there are Hua Luogeng, Zhou 
Peiyuan, Mao Yisheng and Qian 


Weichang. 

Here, Jiangsu prospers in higher 
education. There are 142 well- 
known universities such as Nanjing 
University, Southeast University, 
Jiangsu University, Suzhou Uni- 
versity and China Pharmaceutical 
University. There are also other 8 
adult colleges and 25 independent 
colleges. 

Today, the innovation capacity in 
talent training, scientific re- 
search, social service and cultural 


inheritance in Jiangsu universities 


has been continuously improved. 
And the schools always aim to be 
an important base for cultivating 
all kinds of high-quality talents, 
to become an important force 

for knowledge discovery and 
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One of the most open, prosperous and innovative regions in the Yangtze River Delta economic circle of China 
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technological innovation. They 
strive for advanced thinking and 
excellence in higher education. 

It cannot be neglected that the 
schools are playing a major role 
in supporting innovation-driven 
development strategies, serving 
economic and social develop- 
ment, and promoting China's 
outstanding traditional culture. 
Also, Jiangsu colleges and uni- 
versities positively build talented 
highlands. To persist in the idea 
of ‘introducing high-end talents, 
achieving full-time engagement, 
innovating the hiring mechanism 
and creating excellent environ- 
ment”, the Jiangsu Specialized 
Professor Program will be contin- 
uously implemented. It will give 
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priority to recruiting talents at 
home and abroad who have great 
influence in the international 
academic community in the field, 
to accelerate the collection of 
leading talents and academic 
innovation teams. 

In the future, more universities 
and disciplines in Jiangsu will en- 
ter the world's first-class ranking, 
further release the competitive- 
ness and influence of Jiangsu's 
higher education. 


We welcome excellent scholars 
interested in applying for talent 
programs to contact us through 
AcaBridge (consultant@aca- 
bridge.edu.cn), which provides 
one-on-one consultations. 
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Faculty Positions at China Pharmaceutical University: 


We Are Hunting for 

a) High-Level Talents selected in one of 
the national talent plans, including: 

e “Chang Jiang Scholars Program of 
Ministry of Education of China” 
“Distinguished Young Scholars Program 
of the National Natural Science 
Foundation of China” 

b) Young Talents selected in one of the 
national talent plans, including: 

e “Chang Jiang Young Scholars Program 
of Ministry of Education of China” 

e “Excellent Young Scholars of the Ten 
Thousand Plan” 

e “Excellent Young Scholars Program of 
the National Natural Science Foundation 
of China” 

c) Specially-Appointed Professors or 
Associated Professors 

Requirements: 

(1) Have gained PhD degree from world 
top University/Institute and under 40/35 
yrs old. (2)Good publication record in 
leading journals 


Areas 

a) Life sciences: Neuroscience, 
Microbiology, Botany, Biophysics, 
Biochemistry and Molecular Biology, 


Nanjing, China 


Genetics and Bioinformatics, Cell 
Biology, Immunology, Biomechanics 
and Tissue Engineering, Physiology and 
Integrated Biology, Synthetic Biology, 
Food Science 

b) Medical Science: Respiratory 
System, Circulatory System, Digestive 
System, Urinary System, Endocrine 
System/Metabolism and Nutrition 
Support, Blood System, Nervous System 
and Mental Diseases, Pharmacology, 
Traditional Chinese Medicine 

c) Information Science: Medical 
Information Monitoring and Processing, 
Big Data Processing 

d) Other related disciplines 


What We Offer 

a) High-Level Talents: Salary no less 
than 1,000,000 RMB per year; Housing/ 
settling allowance 5,000,000 RMB; 
Start-up funds 10,000,000 RMB; The 
laboratory space no less than 300m2.. 
b) Young Talents: Salary no less than 
500,000 RMB per year; Housing/settling 
allowance 4,000,000 RMB; Start-up 
funds 4,000,000 RMB; The laboratory 
space no less than 150m2. 

c) Specially-appointed Professors: 


Salary 400,000 RMB per year; Housing/ 
settling allowance 500,000 RMB; Start- 
up funds 2,000,000 RMB. 
Specially-appointed Associated 
Professors: Salary 290,000 RMB per 
year; Housing/settling allowance 300,000 
RMB; Start-up funds 1,000,000 RMB. 


How to Apply: 

a) CV with degree certifications attached; 
b) A research plan for the next 5~10 years 
(no more than 1000 words); 

PLEASE TITLE YOUR EMAIL AS 
“Your Name+GCC+ Your Research 
Areas”. 


Contact Us 

Application materials mentioned above 
should be sent to: 

Personnel Department, China 
Pharmaceutical University 
Contacts: Fan Wang 

Tel: +86-25-86185090 

Email: rcb@cpu.edu.cn 

Address: #639 Longmian Avenue, 
Nanjing, 211198, P.R.China. 

Home page of China Pharmaceutical 
University: www.cpu.edu.cn 


> Time Resolved Spin-AngleyResolved Photo-Emission Spectroscopy 


he School of Electronic Science and En- 

gineering (ESE) in Nanjing University, 

established in 2009, can be traced back to 

the radio-physics program and semiconduc- 
tor physics program from the 1950s. It is a truly 
inter-disciplinary program covering the research 
topics spanning from semiconductor physics, 
superconductor electronics, advanced devices, in- 
tegrated circuits, to system applications. From the 
beginning, the mission of the School is to innovate 
information technologies through first-class re- 
search and education. 


> Micro Fabrication and Integration Technology Center 


History and Development 

In 2009, the School of ESE was established as part 
of the Nanjing University’s initiative to strengthen 
engineering research. It currently hosts 175 fac- 
ulties, including 55 professors and 44 associate 
professors. Among them are 2 academicians of 
Chinese Academy of Sciences, 3 academicians of 
Chinese Academy of Engineering, | IEEE Fellow, 
2 chief scientists of the national 973 Program, 8 
distinguished Changjiang professors and 8 recipi- 
ents of the NSFC Distinguished Young Scientists. 
The School always tries its best effort to offer a 
most favorable environment for faculty develop- 
ment to construct a first-class team of faculty that 
facilitates its sustainable development. 


The School has established more than 15 nation- 
al and provincial research platforms, including 
Jiangsu Provincial Key Laboratory of Functional 
Materials for Information Optoelectronics, Jiangsu 
Provincial Key Laboratory of Advanced Manipulat- 
ing Techniques of Electromagnetic Waves, Jiangsu 
Provincial Engineering Center of Semiconductor 
Energy-Saving Technology, National Laboratory of 
Solid-State Microstructures, and Collaborative In- 


novation Center of Advanced Microstructures. With 
the support from these laboratories and research 
centers, the School of ESE has made remarkable 
achievements. It has undertaken a large number 
of national scientific and technological research 
projects, including national 973 Program, 863 Pro- 
gram, and key projects funded by the NSFC. Over 
the last three years, the average annual research 
funding exceeds 120 million RMB in total. 


In 2016, the School of ESE established its Micro 
Fabrication and Integration Technology Center as 
part of the national platform. 
The facility has four floor space 
of approximately 5500 m2 
cleanroom space. It hosts a large 
number of first-class processing 
and testing equipments, compat- 
ible with 6-inch wafer process, 
such as optical and electron 
beam lithography, metal and thin 
film deposition, etching, and 
metrology analysis. Recently, a 
new femtosecond, extreme ultra- 
violet, Time Resolved Spin-An- 
gle Resolved Photo-Emission 
Spectroscopy (TR-Spin-ARPES) 
beamline was constructed. This 
50-fs laser-driven, table-top 
beamline is integrated with ma- 
terial growth systems, with photon energy ranging 
from 10 eV to 100 eV to enable surface sensitive 
studies of the electronic structure dynamics of nov- 
el materials. 


The School of ESE also establishes international 
collaboration with top universities, academic insti- 
tutions and enterprises. Until 2019, many collab- 
orative institutes with government, industry, and 
universities have been established, some noticeable 
examples include: NJU-Yangzhou Institute of Op- 
toelectronic Technology, NJU-Zhenjiang Institute 
of High and New Technology and York-Nanjing 
Joint Center for Spintronics and Nanoengineering. 


Research Highlights 

The research program of the School of ESE spans 
a wide range in electrical engineering and informa- 
tion technology. Here we highlight several research 
directions. 


The Key Laboratory of Advanced Photonic & Elec- 
tronic Materials (LAPEM) is focusing on the re- 
search and development of photonic and electronic 
devices based on wide band-gap semiconductors. 
The laboratory now has 58 permanent staff, and 
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has built two R&D centers for material growth and 
characterization platform, and micro-fabrication 
process lines for Si and compound semiconductor 
devices. The laboratory members received second 
prize National Technological Invention Award. 


Group of nano-electronics has made several major 
breakthroughs in two-dimensional electronics, 
flexible electronics and neuromorphic computing 
over the past few years. Many papers have been 
published in Nature Nanotechnology, Nature Elec- 
tronics and Nature Communications. The group 
received second prize National Natural Science 
Award and first prize of Jiangsu Provincial Science 
and Technology Advancement Award. 


Research Institute of Superconductor Electronics 
(RISE) has been devoting itself for several decades 
to developing novel superconductor electronic 
devices and exploring their practical applica- 
tions. The recent works include several kinds of 
extremely sensitive detectors from microwave to 
visible light, quantum computing and quantum 
microwave circuits. Especially, superconducting 
nanowire single photon detectors have been used 
in space communication, space debris detection 
and biological monitoring. In addition, RISE also 
develops tunable THz metamaterial based on su- 
perconductor, liquid crystal and vanadium dioxide 
for THz spectroscopic and imaging system, with 
future applications in wireless communication and 
biomedicine. 


Group of VLSI design works on analog and digital 
circuits for signal process, 3D NNAD memory and 
wireless communication. Many breakthroughs have 
been achieved in the areas of VLSI for High-Speed 
Communications, Multi-Core Signal Processing, 
Energy-Efficient AI Processor, and High-Perfor- 
mance Image, Charge, and Acoustic Sensors. Mem- 
bers of the group has been awarded Fellow of IEEE 
and Best Paper Awards for IEEE VLSI transactions 
for their outstanding contributions in the field. 


Group of Sensing and Imaging Technology focuses 
on “Big Video System”, ranging from spectral vid- 
eo camera, gigapixel imaging, learning-based vid- 
eo/image processing, to gigapixel video streaming. 
The lab holds a world-class research track record 
of publications in the top IEEE journals and con- 
ferences. 


> Superconducting Nanowire Single-Photon 
Detector (SNSPD) chip and system 


Finally, the School of ESE warmly welcomes glob- 
al talents to join us. We offer competitive start-up 
funding, lab space, salaries and housing subsidy in 
accordance with the Nanjing University recruiting 
policy. Outstanding candidates can negotiate case- 
by-case. For more information please visit the 
School website: https://ese.nju.edu.cn. Contact: Mr. 


Jianhong Min (jhmin@pnju.edu.cn). 


Jiangsu University is a key 
comprehensive university 
founded in August 2001 by 
merging the former Jiangsu 
University of Science and 
Technology, Zhenjiang Medical 
College and Zhenjiang Teach- 
ets’ College with the approval 
of the Chinese Ministry of 
Education. Jointly supported 
by Jiangsu Provincial People’s 
Government and the Chinese 
Ministry of Agriculture and 
Rural Affairs, Jiangsu Univer- 
sity is ranked among the first 
batch of Jiangsu High-level 
Universities under Construc- 
tion, holds the honorary 

title of National Outstanding 
Universities in Undergraduate 
Teaching, and is ranked among 
the first 50 Sample Universities 
in China for High Employment 
of Graduates, one of the first 
National Sample Universities 
for Innovation and Entrepre- 
neurship, and one of the first 
Pilot Universities with Quality 
Accreditation for International 
Students Education in China. 


Jiangsu University boasts a first- 
rate teaching level and a batch 
of high-level disciplines. Its 
engineering, materials science, 
clinical medicine, chemistry, 
agricultural science and phar- 
macology & toxicology are 
ranked in the top 1% of the 
global ESI discipline rankings, 
coming out 51st in the compre- 
hensive ESI rankings in China’s 


mainland. It has 2 national 
key disciplines, 1 national key 
discipline (under cultivation), 10 


priority disciplines of Jiangsu 
colleges and universities, and 7 
Jiangsu key first-level disciplines 
under “the 13th Five-year Plan” 
and 2 Jiangsu key first-level 
disciplines (under cultivation) 
under “the 13th Five-year 
Plan’. The University offers 14 
first-level doctoral programs, 44 
first-level master programs, and 
20 categories of professional 
master programs, and ME pro- 
grams in 25 authorized research 
fields. Moreover, it houses 13 
post-doctoral research stations. 
Jiangsu University enters Top 
1000 in internationally reputed 
rankings such as THE and QS, 
and ranks among the top 500 in 
the world, coming out 45th in 
China's Mainland on Shanghai 
Ranking’s Academic Ranking 
of World Universities (ARWU). 
Last but not least, it comes out 
41th on the 2019 Comprehen- 
sive China University Rankings. 


Jiangsu University now employs 
more than 2,600 full-time teach- 
ers, featuring a high-level fac- 
ulty comprising Distinguished 
Academicians, as well as experts 
and scholats sponsored respec- 
tively by “Changjiang Scholars 
Program”, and “The National 
Science Fund for Distinguished 
Young Scholars”. Currently we 
have more than 37,600 stu- 
dents, comprising more than 


23,000 undergraduates, more 
than 12,000 graduates and neat- 
ly 2,000 international degree 
students. 


Forum for High-level 
Overseas Talents 
Forum for High-level Over- 
seas Talents is held every 

May and December, aimed 

at creating a platform for the 
excellent overseas talents to 
carry out academic exchang- 

es via lectures, seminars and 
recruitment negotiations, to 
promote the cooperation of 
interdisciplinary research, to 
recruit talents that will help 
attain the University’s objec- 
tive of building a high-level, 
research-led university with 
distinctive features in engineer- 
ing and internationalization 
strategy, and to comprehen- 
sively advance the University’s 
effort to be ranked among the 
National “Double First-class” 
Universities and among Jiangsu 
High-level Universities. 


Recruiting Position 
1) Jinshan Scholars(Type A/ 
Type B) 

2) Jinshan Distinguished Pro- 
fessor(Iype A/Type B/Short 
Term) 

3) Jinshan Youth Distin- 
guished Professor 

4) Competent Professor/ 
Competent Associate Professor 
5) Foreign Postdoctoral Re- 


seatch Fellow 


Work and 

Life Treatment 

(1) Competitive remuneration 
and welfare benefits; 

(2) Adequate Start-up Fund 
and Settling-in Allowance; 

(3) Efficient health service 
provided from campus staff 
hospital and affiliated hospitals; 
(4) Kindergarten and affili- 
ated schools for children of 
pre-school and compulsory 
education age; 

(5) Furnished interim apartment 
provided with low-cost rental. 


Application Materials 
(1) Cover letter for the posi- 
tion that you are applying for; 
(2) CV (with publication list); 
(3) No less than 3 representa- 
tive papers; 

(4) Expertise and academic 
results. 


How to Apply 

All the materials needed for 
application should be integrated 
into a PDF document named 
“name-position-department/ 
school/discipline”, to be sent to 
the email of Human Resources 
Department (tsk@ujs,edu,cn). 


More details for the Jiangsu 
University Forum for High-level 
Overseas Talents 

Tel: 0086-511-88789658 
Email: hr@ujs.edu.cn 
Recruitment website: 
http://rcb.ujs.edu.cn 
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School Profile 

Guizhou Medical University is located in the 
forest city of Guiyang, the summer capital of 
the Southwest China. The school was then one 
of the 9 national medical colleges attached to 
the Ministry of Education, formerly known as 
the National Guiyang Medical College, which 
was founded in 1938. Numerous well-known 
domestic experts and scholars such as Yang 
Chongrui, Zhu Zhangyu and Tang Peisong 
gathered here under the leadership of the 
first dean, Dr. Li Zongen from Peking Union 
Medical College and earned it the reputation 
ofSecond Union Medical College in China”. 
The school was renamed Guiyang Medical 
College in 1950, and renamed Guizhou Med- 
ical University in 2015. The school boasts 2 
first-level doctoral degree authorization units 
and 1 professional doctoral degree authoriza- 
tion unit. It is the only provincial key universi- 
ty that has a complete medical talents training 
system of Bachelor’s, Master’s and Doctotr’s 
degree in Guizhou Province. 

The school features in medicine, with coordi- 
nate development of science and social scienc- 
es (law and education) and literature, engineer- 
ing and management to support. There are 1 
national key laboratory, 2 key laboratories of 
the Ministry of Education, 2 national experi- 
mental teaching demonstration centers and 7 
provincial experimental teaching demonstra- 
tion centers. There are also research platforms 
of national-level for 2, provincial-level for 25, 
department-level for 18, and 34 research and 
innovation teams at all levels. The school has 
undertaken more than 350 national research 
projects like the National Natural Science 
Foundation Program, the National Science 
and Technology Support Program, the Minis- 
try of Science and Technology Special Fund, 
the International Science and Technology 
Cooperation Project for Ministry of Science 
and Technology, and the National Natural 
Science Foundation. In 2019, the school made 
a historic breakthrough for the National Nat- 
ural Science Foundation declaration work, in 
which 80 projects got approval, second only 
to Guizhou University in the province. The 
clinical medicine discipline has entered the top 
1% ranking of ESI worldwide. 

We have carried out a comprehensive reform 
of excellent medical talents training under 


the full support of the Chinese Academy of 
Medical Sciences and Peking Union Medical 
College. The reform is designed to launch sev- 
eral characterized projects like clinical medical 
innovation class (referred as “Peking Union 
Class”), small class enrollment, joint train- 
ing, and full-time tutor system. The school 
has obvious characteristics and outstanding 
achievements in the fields of endemic diseases 
reseatch (Fluorosis disease, Arsenic disease), 
traditional Chinese medicine ethnic medicine 
production and research cooperation, patho- 
genic biology research, stem cell for tissue en- 
gineering biomedicine research, and scientific 
research achievements transformation. 


Introduction to the Forum 

The first International Youth Scholars Forum 
of Guizhou Medical University aims to build 
a platform for exchanges and cooperation 
among outstanding young talents at home and 
abroad. It is to promote exchanges and discus- 
sions in the field of international leading-edge 
science and technology research, to advance 
interdisciplinary and academic innovation. 
The forum also helps to deepen people’s com- 
prehensive understanding of Guiyang and this 
80-year-old medical university. Moreover, this 
forum seeks to bring together and accurately 
introduce medical talents with lofty ideals 
who agree with the educational goals, school 
philosophy, school culture and job demand of 
Guizhou Medical University. 

The forum covers medical-related research 
fields such as basic medicine, clinical medi- 
cine, pharmacy, public health and preventive 
medicine. This forum is held for the first 
time, given great concern from the provincial 
government and relevant departments of 
Guizhou Province. Excellent young scholars 
at home and abroad are sincerely invited. 


Registration Conditions 

1.Excellent overseas talents: under the age of 
40; with a doctorate degree from a well-known 
overseas university. 

2. Excellent domestic talents: 

a. Under the age of 45; selected into national 
talent planning, or outstanding young talents 
with considerable development potential of 
the same level. 

b. With a doctorate degree, under the age of 
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40, with more than one year of overseas study 
experience and overseas work experience. 

3. If you have a willingness to work full-time, 
or you want to rely on our school to apply for 
national talent projects and provincial-level tal- 
ent projects, you are welcome to cooperate in- 
ternationally with our school through projects. 


Schedule 

- Registration: January 2, 2020 

* Forum: January 3-4, 2020 

1. Opening ceremony and special report meeting; 
2. Sub-forum academic seminar; 

3. Exchange forum, talent project declaration 
on-site guidance; 

4. Visit School History Museum, related plat- 
form labs; 

5. On-site contract signing. 


Application and Registration 

Application accepted from the date of an- 
nouncement. 

Deadline for application: November 30, 2019. 
Qualified interested candidates should apply 
through the “Special 
Registration Channel for 
the First International 
Young Scholars Forum of 
Guizhou Medical Universi- 
ty”. scan the QR code be- 
low to register in advance: 


Activity consultation: Teacher Zhang 
Tel: 13810239853 (WeChat) Contact 
E-mail: zhangxinyi@eol.cn 


Travel and Accommodation 

After receiving the formal invitation letter, the 
invited scholars should order the air ticket or 
train ticket by themselves. The school will pro- 
vide the reimbursement according to relevant 
standards (aircraft: economy class; high-speed 
train: second-level seat; normal train: hard 
sleeper). Please keep relevant bills (air ticket 
invoice, boarding pass, passport copy, ticket, 
etc.) and hand over to the conference contact 
person. Room and board during the forum 
will be arranged by the school. 


Contacts: Geng Yan, Li Bingfu, Zhang Xing 
Tel: +86-851-88416215 
E-mail: fgc@gmc.edu.cn 


Hangzhou Innovation Research 
Institute of Beihang University 


angzhou Innovation Research Institute, Beihang University is 
a new high-level research institute jointly established by Bei- 
hang University and the Zhejiang Province, Hangzhou City and 
Binjiang District governments. With the mission of “building 
a world-class technological innovation platform and innovative talent 
training platform in the field of information”, and focusing on the 
multidisciplinary intersection of information technology, life and health, 
cognitive science and new materials, Hangzhou Innovation Research In- 
stitute actively explores new mechanisms and gathers global innovative 
resources, and is committed to achieving a number of major original 
innovations and key technological breakthroughs and applications, 
striving to become a talent and innovation center that is rooted into 


Zhejiang Province while looking to the world’s first-class. 


In March 2018, Hangzhou Innovation Research Institute of Beihang 
University officially settled in Binjiang District of Hangzhou, meaning 
the entering of the second 985 university in Hangzhou. The construction 
of its graduate school launched in September 2019 at Baima Lake of 
Binjiang District. The construction of hardware facilities is expected to 
be completed in about two years, and the scale of graduate students is 
expected to be 2,000. More importantly, Hangzhou Innovation Research 
Institute has undertaken the constnuicag, work of Sino-French Aviation 
University, providing. teachers. ese 
2018, under the testimony of President. of PRC Xi Jinping ai and nd French. 
President Vasa a fanive ey signed the memorandum of co- 

alee PAviation Civile (ve French National 
ily estab establis ino-French Avi- 
e yas vill A in thet 


e for the university. On January 95, ‘Ss 


ais winoom E-mail: buaahz_hr@buaa.edu.cn 
re ell | uss 


I. Recruitment Positions and Salaries 

1. Laboratory Director (with an attractive salary) 
2. Qianjiang Excellent Post doctor (annual salary 
and local comprehensive subsidies totaling 1.07- 
1.12 million RMB) 


II. Recruitment Majors 

Computer Science and Technology, Instrumenta- 
tion Science and Technology, Optical Engineering, 
Electronic Science and Technology, Control Science 
and Engineering, Material Science and Engineering, 
Information and Communication Engineering, 
Mechanical Engineering, Physics, Mathematics, 
Medical Imaging and other related majors. 


III. Delivery 

This announcement is a long-term recruitment. 
For details, please refer to the official website of 
Hangzhou Innovation Institute, Beihang Univer- 
sity — recruitment (http://hzii.buaa.edu.cn/zcyz/ 
zpgz.htm). Please send your resume to buaa, _hr@ 
buaa.edu.cn (email: gibt eadechpositigg | “i ar 4 

— ott a 
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Contact: Ms. Tian, MreChen 
Tel: +86-571-85367559 / 19957890995 
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HOWARD HUGHES MEDICAL INSTITUTE 


Investigator Competition 


The Howard Hughes Medical Institute invites applications to its flagship Investigator Program 
from eligible scientists who have demonstrated originality and creativity in biological and 
biomedical research and show exceptional promise for future achievement and leadership in 


research. HHMI seeks to appoint approximately 20 new HHMI Investigators. 


Eligibility 
e PhD and/or MD (or the equivalent) 


e Tenured or tenure-track position as an assistant professor or higher academic rank (or the equivalent) at an eligible US institution 


e More than five but no more than 15 years of post-training, professional experience 


e Principal investigator on one or more active, national, peer-reviewed research grants with an initial duration of at least three years 


e No nomination or institutional endorsement is required or accepted 


This competition is open to basic researchers and physician scientists across the 
nation who catalyze discovery research in basic and biomedical sciences, plant 
biology, evolutionary biology, biophysics, chemical biology, biomedical engineering, 
and computational biology. HHMI seeks a broad application pool and welcomes 
applications from individuals with diverse backgrounds and perspectives. 


h lA Mm [| Howard Hughes 
Medical Institute 


Additional information: 
hhmi.org/investigator2021 


Deadline to submit application: 
March 18, 2020, 3:00 p.m. EDT 


The Howard Hughes Medical Institute is an equal opportunity employer 


Baylor wenn 
GENETICS 


College of 
Medicine 


FACULTY POSITION in CANCER GENETICS and THERAPEUTICS 


The Department of Molecular and Human Genetics and the Dan L. Duncan Comprehensive Cancer 
Center at Baylor College of Medicine invites applications for a tenure-track Assistant Professor, Associate 
Professor, or Professor position in cancer research. Applicants’ research programs may focus on broad 
ranging topics in cancer genetic research including cancer genomics, mechanisms of cancer therapeutics, 
cancer model organisms, genome instability, epigenetics and gene expression, and others. Applicants with 
expertise in computational biology, in combination with basic and/or translational cancer research, are strongly 
encouraged to apply. Candidates will join a team of multidisciplinary research investigators studying cancer 
stem cell biology, genomics, epigenetics, and metabolic aberrations in cancer. 


The Department of Molecular and Human Genetics (https://www.bcm.edu/departments/molecular-and- 
human-genetics/) ranks #1 among all U.S. genetics departments in funding from the National Institutes of 
Health. The Department provides a bridging environment for physicians and basic scientists, promoting a 
cross-species and multidisciplinary approach to cancer research. Investigators in the Department study disease 
mechanisms in many organismal contexts including bacteria, yeast, Drosophila, C. elegans, mouse, and humans. 
The Department is committed to translation of basic science into clinical implementation and fosters technology 
transfer for faculty discoveries. Activities within the Department include basic and translational research, clinical 
genetics, a joint venture diagnostic laboratory, a long-standing NIH large-scale human genome sequencing center 
(https://www.hgsc.bem.edu/), and an exceptional Ph.D. graduate program. More broadly, Baylor College of 
Medicine is the premier medical school of Texas, home to the NCI-designated Dan L. Duncan Comprehensive 
Cancer Center (https://www.bcm.edu/centers/cancer-center), and centered in the Texas Medical Center, the 
world’s largest biomedical research complex. 


The Department has a total research funding of over $80 million and 70 primary tenured and tenure-track 
research faculty members who are engaged in a variety of approaches to tackling cancer and other diseases. 
The Department and BCM offer premier recruitment packages and resources to enhance the candidate’s research 
program. Qualified applicants should email a PDF of their curriculum vitae and a two-page summary of past 
accomplishments and research plans to the address below. Applicants should also request three letters of 
reference to be emailed directly from recommenders to mhgfacultyrecruits@bcem.edu. Applications received 
by November 15, 2019 will receive priority. Department of Molecular and Human Genetics, Baylor College of 
Medicine, One Baylor College of Medicine, ABBR Room R830, Houston, TX 77030; Phone: 713-798-5443; 
Email: mhgfacultyrecruits@bem.edu 


Review of qualified applicants will begin December 1, 2019. 
Equal Opportunity, Affirmative Action, and Equal Access Employer. 


Syracuse University 
Biolnspired Institute 


The BioInspired Institute at Syracuse University 
seeks to fill eight (8) new positions as part 
of an ambitious Invest Syracuse Cluster Hire 
Initiative in the broad area of bioinspired science 
and technology. As an integral part of this 
investment, Syracuse University is actively 
recruiting candidates for open rank and tenure-track 
faculty positions in Mathematical Analysis, Drug 
Delivery, Functional Materials, Organoid Culture, 
Computational and Medicinal Chemistry, and Bio- 
Inspired Physics. Faculty hired into these positions 
will build on our existing strengths in three focus 
areas: Drug Discovery, Mechanics of Development 
and Disease, and Smart Materials. These hires will 
affiliate with the multidisciplinary Biolnspired 
Institute, which spans multiple departments in 
the College of Arts and Sciences and the College 
of Engineering and Computer Science. We seek 
candidates who will foster diversity and build an 
inclusive climate in research and teaching while 
promoting world-class, interdisciplinary research 
to address grand challenges in health, medicine, 
and materials innovation. 


For links to full position descriptions, see http:// 
bioinspired.syr.edu/jobs. Syracuse University is 
an equal opportunity/affirmative action employer 
with a strong commitment to equality of opportunity 
and a diverse work force. Members of groups 
traditionally underrepresented in higher education 
broadly, and in science, specifically, are strongly 
encouraged to apply. All applications will be held 
in strict confidence. Review of applications will 
begin November 1, 2019 and will continue until 
positions are filled. 


University of New Mexico Comprehensive Cc 


ha 


Join Our Leadership, Cl 


The University of New Mexico Comprehensive Cancer Center (UNMCCC) is the Official Cancer Center of New Mexico and 
the only National Cancer Institute (NCI) designated comprehensive cancer center in a 500-mile radius. Our 134 oncology 
physicians, 122 cancer research scientists, and staff focus on discovering the causes and cures for cancers disproportionately 
affecting the people of the American Southwest — primarily Hispanic, American Indian, and Non-Hispanic White — with 
strikingly different patterns of cancer incidence, mortality and disparity. In the past year, our center cared for 12,000 
patients; 12 percent participated in therapeutic interventional studies and 35 percent in interventional studies. UNMCCC has 
outstanding programs in Cancer Control and Population Sciences, Cellular and Molecular Oncology, and Cancer Therapeutics. 
Our research houses national centers: The Molecular Discovery and High Throughput Target Screening Center (nmmisc. 
health.unm.edu), one of six Chemical Biology Consortium Centers of Excellence in The NCI NExT Program; Spatiotemporal 
Modeling of Cell Signaling (stmc.unm.edu), one of 13 NIH National Centers for Systems Biology; and a NIH Clinical and 
Translational Sciences Center. We enrich our endeavors by collaborating with Sandia and Los Alamos National Labs and 
Lovelace Respiratory Research Institute. Benefit from our Shared Resources, which include biospecimen collection and tissue 
analysis, genomics, biostatistics, bioinformatics, cancer population science and behavioral interventions, and the conduct 
of clinical interventions. UNMCCC is the center of our statewide cancer clinical trials and health delivery research network 
— partly funded by a NCI NCORP Grant — and is an Oncology Research Information Exchange Network (ORIENcancer. 
org) member. Our center has conducted 60+ statewide community-based cancer education, prevention, screening, and 
behavioral intervention studies involving more than 10,000 New Mexicans. Learn more at cancer.unm.edu. 


Associate Director for 

Cancer Population Sciences 

Endowed Chair and Senior Leadership Role 

The UNM Comprehensive Cancer Center is searching for a 
national leader in cancer population sciences. Seeking can- 
didates with a track record of outstanding scholarly achieve- 
ment reflected in peer-reviewed funding (preferably NCI 

and NIH), high quality publications, and collaborative inter- 
disciplinary research with a scientific focus in either cancer 
epidemiology, cancer prevention and control, health services 
research, behavioral intervention, or cancer health disparities. 
Search Chairs: Marianne Berwick and Chuck Wiggins 


Cancer Molecular & Genetic Epidemiology 
Endowed Chair and Senior Leadership Role 

Seeking cancer population scientists with expertise in popu- 
lation-based molecular and/or genetic epidemiology. Looking 
for epidemiologists engaged in biomarkers of risk and prog- 
nosis, genomics, epigenetics, gene-environment interactions, 
genetic ancestry, and genetic risk assessment. Search chairs: 
Marianne Berwick and Linda Cook 


Cancer Control, Health Services & Behavioral 
Intervention 

Endowed Faculty and Leadership Role 

Seeking established population scientists focused on cancer 
control, health services research, and behavioral intervention 
research to lead programmatic efforts. Looking for mid-ca- 
reer to senior faculty with outstanding scholarly achievement, 
including peer-reviewed funding (preferably NCI and NIH) 
and impactful publications. Search chairs: Linda Cook and 
Shiraz Mishra 


Biostatisticians 

Seeking PhD biostatisticians to join an outstanding team 
engaged in statistical methodology relevant to cancer and in 
biostatistical applications integrated with basic, translational, 
clinical, and population science research. Search chairs: 
Shane Pankratz and Linda Cook 


Cancer Immunology & 

Tumor Microenvironment 

Two Positions: Basic or Translational Scientist 

Seeking established mid-career or senior scientists focused 
on analysis and modeling of pathways that mediate response 
or resistance to immune therapies, and on signaling pertur- 
bations in the context of the tumor microenvironment that 
enhance or inhibit the immune response to cancer cells. 
Search chairs: Eric Prossnitz and Sarah Adams 


Cancer Cell Signaling 

Seeking cancer cell biology, signaling, and systems biology 
experts with interests in dissecting mechanisms of perturbed 
signaling in cancer cells, on analysis and modeling of path- 
ways mediating response or resistance to targeted therapies. 


Search chairs: Diane Lidke and Eric Prossnitz 


RNA Biologist 

Seeking highly interactive basic and translational scientists 
focused on gene expression, transcriptional regulatory and 
alternative splicing mechanisms relevant to cancer; the biol- 
ogy and role of noncoding RNAs in cancer development and/ 
or progression; and functional genomics (including investi- 
gators employing CRISPR/CAS or other functional genomic 
screening technologies). Search chair: Scott Ness 


For details and to apply, visit cancer.unm.edu/JoinTheBest 
Questions? Contact Search Coordinator Amanda Leigh at ALeigh@salud.unm.edu, (505) 272-2201. 


UNM is an Equal Opportunity/Affirmative Action Employer and Educator 


Endowed Chairs and Professorships, significant resources, leadership roles, 
and comprehensive start-up packages available. 


Photo: Bill Tondreau, “River Edge”, panoramic photographic, courtesy of sumnerdene.com 
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University of Pittsburgh Tenure-track Faculty Positions 
in the Department of Structural Biology 


The University of Pittsburgh is conducting a broad faculty candidate search for creative individuals who 
use structural and biophysical methods to address fundamental biomedical questions. The ideal candidate 
will be motivated to explore applications of his or her structural expertise to disease related questions. 
We particularly encourage individuals with research activities in cryo-electron tomography for in situ 
structural biology and solid-state NMR spectroscopy to apply. At present, the cryo-EM facility in the 
Department comprises 3 Thermo Fisher (FEI) microscopes — a Titan Krios 3Gi equipped with a Falcon 
3ec direct electron detector; a TF20 equipped with a TVIPS XF416 camera and Gatan cryoholders; and 
a T12 equipped with Gatan US 1000 and Orius CCD cameras. The University has committed funding 
for a Bioquantum/K2 to extend the Krios, and an Aquilos cryoFIB mill, and both will be installed in 
the spring of 2020. Additional accessory instrumentation is also available. The NMR facility comprises 
seven Bruker NMR spectrometers ranging from 600-900MHz. Two of them have 89mm bore magnets at 
600 and 750Mhz, fully dedicated to state-of-the-art solid-state experiments. The facility is overseen by a 
full-time manager. The department also possesses dedicated computing resources suitable for processing 
and storing large datasets. 


The University of Pittsburgh is the fifth most highly ranked domestic institution of higher education 
in terms of NIH funding, and a very wide spectrum of collaborative opportunities exists. The research 
resources in the Department of Structural Biology and the intellectual environment at the University are 
truly extraordinary, from state-of-the-art instrumentation to expert support and creative investigators. 


Applications at any rank are invited. Successful applicants are expected to develop and lead independent 
research programs that address important problems in biomolecular systems of wide scientific and medical 
interest. Competitive salaries and start-up packages will be offered. Applicants should hold PhD and/ 
or MD or equivalent degrees and have demonstrable expertise and scholarly achievement in structural 
biology or biophysics. The proposed starting date is September 1, 2020 or thereafter. In order to ensure 
full consideration, applications must be received by December 31, 2019. 


Application materials including the candidate’s curriculum vitae, the names and contact information for 
three references, and a brief statement of research interests should be emailed to dxd8@pitt.edu or sent to: 
Dean Duncan 
Administrator, Department of Structural Biology 
1050 BST3 
3501 5" Avenue 
Pittsburgh, PA 15260 


EEO/AA/M/F/Vets/Disabled. 
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POSTDOCTORAL 
FELLOWSHIP IN 
IMMUNOLOGY 


Postdoctoral fellowship is available to 
pursue research supported by NIH grants. 
Studies will address the epigenomic and 
microbiomic effects of plant products such 
as resveratrol, indoles and cannabinoids 
on inflammation, autoimmunity and 
cancer. Other projects include studies 
on the role of dioxins, estrogens and 
CD44 on immune response. Ph.D. in 
any biomedical sciences is required 
with preference given to experience in 
Immunology. 


Apply to Dr. Mitzi Nagarkatti, Chair, 
Department of Pathology, Microbiology 
and Immunology, University of South 
Carolina School of Medicine at this link 
http://uscjobs.sc.edu/postings/69253. 


UofSC Columbia is an EOAA Employer 
and encourages applications from 
women and minorities. 


PURDUE 


IVERSITY 
Assistant Professor Position - Biochemistry 


Department of Chemistry 


The Department of Chemistry in the College of Science at Purdue University invites applications for a tenure- 
track faculty position at the Assistant Professor level in Chemistry - Biochemistry. Successful candidates 
may have interests in biochemistry as related to human health-relevant biological processes, especially those 
related to neuroscience or similar fields. If appropriate, the successful candidate will be offered affiliation with 
Purdue’s new Institute for Integrative Neuroscience (PIIN), established as part of the University’s strategic 
investment in the life sciences. 


Qualifications: Candidates must have a PhD in biochemistry, or a related field, with outstanding credentials 
in research, an excellent track record of or potential for leading publications and a strong commitment to 
excellence in teaching. Successful candidates are expected to develop a vibrant research program supported 
by extramural funding and to display excellence in teaching at the graduate and undergraduate levels. 


The Department and College: With 50 full-time faculty, 350 PhD students, and over 300 outstanding 
undergraduates, Purdue’s highly ranked chemistry department is one of the largest and most diverse in the 
country. The wide-ranging expertise of the faculty enables fast and effective responses to interdisciplinary 
research opportunities, positioning it as a key partner in many university-wide centers, institutes, and initiatives. 
For more information, see http://www.chem.purdue.edu/. Chemistry is part of the College of Science, which 
comprises the physical, computing and life sciences at Purdue. It is the second-largest college at Purdue 
with over 350 faculty and more than 6000 students. With multiple commitments of significant investment 
and strong alignment with Purdue leadership, the College is committed to supporting existing strengths and 
enhancing the scope and impact of the Department of Chemistry. 


Application Procedure: Applicants should submit a cover letter, a curriculum vita, a teaching statement, and 
a description of proposed research electronically at this site: https://career8.successfactors.com/sfcareer/ 
jobreqcareer?jobId=8011&company=purdueuniv&username. Additionally, applicants should arrange for 
three letters of reference to be e-mailed to the Department Head at biochemsearch@purdue.edu specifically 
indicating the position for which the applicant is applying. Applications will be held in strict confidence and will 
be reviewed beginning December 15, 2019. Applications will remain in consideration until the position is filled. 


A background check will be required for employment in this position. Purdue University’s Department of 
Statistics is committed to advancing diversity in all areas of faculty effort, including scholarship, instruction, 
and engagement. Candidates should address at least one of these areas in their cover letter, indicating their 
past experiences, current interests or activities, and/or future goals to promote a climate that values diversity 
and inclusion. 


Purdue University is an EOE/AA Employer. All individuals, including minorities, women, individuals with 
disabilities, and veterans are encouraged to apply. 


Inviting Applications and 
Nominations for the 
DEAN OF NATURAL SCIENCES 
at the University of Puerto Rico, Rio 
Piedras campus 


The University of University of Puerto 
Rico (UPR), Rio Piedras, one of the three 
preeminent research universities designated 
by the commonwealth of Puerto Rico, is 
accepting application for the position of 
Dean of the College of Natural Sciences 
(Carnegie R2 classification). Candidates 
should meet the following minimum 
criteria: Ph.D. in a Natural Science or 
related discipline; demonstrated competence 
in research; demonstrated excellence in 
teaching; proven administrative experience; 
proficiency in Spanish and English. For 
additional information and requirements 
contact (alberto.sabat 1 @upr.edu). 


Please, submit a cover letter articulating your 
vision for the position; a complete curriculum 
vitae, and at least three references with full 
contact information to (deansearch@upr. 
edu). 


UPR is an Equal Opportunity, Equal Access 
Academic Institution that embraces diversity 
in the workplace. 


Ohio State’s Pelotonia Institute for Immuno-Oncology 
Seeks Multiple Tenure-Track Faculty Positions 


The Ohio State University Comprehensive Cancer Center — 
Arthur G. James Cancer Hospital and Richard J. Solove Research 
Institute (OQSUCCC — James) is seeking experienced tenure- 
track faculty (basic as well as clinical researchers) to work in the 
recently announced Pelotonia Institute for Immuno-Oncology 
(PIO) in the following research areas: 


+ T-cell biology 
+ Innate immunity and inflammation 


+ Immune regulation and tolerance 


* Cell therapy, synthetic immunology, immunogenomics 
and cancer vaccines 


+ Translational and clinical immuno-oncology (lO) 
+ Immune monitoring and discovery 


Led by founding director and renowned immunologist Zihai Li, 
MD, PhD, the PIIO (cancer.osu.edu/PIIO) is a comprehensive 
bench-to-bedside research initiative and represents Ohio State’s 
commitment to grow the exciting area of immuno-oncology. 


The OSUCCC — James (cancer.osu.edu) is a National Cancer 
Institute (NCI)-designated comprehensive cancer center and is 
rated “Exceptional,” the highest rating given to cancer centers by 


the NCI; is one of only a few centers funded by the NCI to conduct 
phase | and Il clinical trials on novel anticancer drugs; and includes 
the third-largest freestanding cancer hospital in the country. 


Candidates will have access to state-of-the-art laboratory spaces, 
cutting-edge core research facilities, a competitive salary and 
start-up funding. Applicants must hold advanced degrees, such as 
an MD, DVM, PharmD, PhD or MD/PhD. The successful candidate 
is expected to maintain an extramurally funded research program, 
perform collaborative research, participate in graduate and 
medical education, be board-certified and meet medical licensure 
requirements in Ohio if also pursuing a clinical position. Located 
in Columbus, Ohio (go.osu.edu/whycolumbus), The Ohio State 
University is an EOE/AA/M/F/D/V employer. 


Send cover letter, CV, 2-3 page description of current and future 
research interests and contact information for three references 
via email to Tamra Brooks at tamra.brooks@osumc.edu. 


Applications will be accepted until the positions are filled. 


The James 


0 THE OHIO STATE UNIVERSITY 
COMPREHENSIVE CANCER CENTER 
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Faculty Position 
Yale Stem Cell Center 
Yale University School of Medicine 


The Yale Stem Cell Center invites applications for a faculty 
position at the rank of Assistant or Associate Professor. Rank and 
tenure will be commensurate with experience. Applicants should 
have a Ph.D. and/or M.D. degree. The successful candidate will 
be expected to develop a vigorous, externally funded research 
program on fundamental questions related to the biology of 
embryonic or adult stem cells. The investigator will establish a 
lab in a state-of-the-art new building and will join a vibrant stem 
cell research community at Yale with over 100 labs working on 
various aspects of stem cell biology and regenerative medicine. 
The investigator will also contribute to teaching graduate and/or 
medical students as well as shaping stem cell research at Yale. 


Applicants must apply through the Interfolio website at: http:// 
apply.interfolio.com/70014 by December 30, 2019. Inquiries 
about the position may be sent to Dr. Haifan Lin, Director of the 
Yale Stem Cell Center, c/o Madeline Riccio (madeline.riccio@ 
yale.edu). 


Yale University is an Affirmative Action/Equal Opportunity 
Employer. Yale values diversity among its students, staff, 
and faculty and strongly welcomes applications from 
women, persons with disabilities, protected veterans, and 
underrepresented minorities. 


The 42nd Annual international Conference of the BC 

IEEE Engineering in Medicine and Biology Society 

July 20 - 24 020 
Montreal 


Enebiing Mrcvetive Technologies 
Sichal Healtheare: 


Palais des congres de Montréal 4 
Montréal, Canada | July 20 - 24, 2020 


IEEE 


CMBES/SCGB 


CALL FOR PAPERS 
Contributed Paper Submission Deadline: 
January 23, 2020 


The IEEE Engineering in Medicine and 
Biology Society is pleased to announce the 
42nd International Engineering in Medicine 
and Biology Conference, to be held in 
Montreal, Quebec, Canada, July 20th - 
24th, 2020. 


http://embc.embs.org/2020/ 


online @sciencecareers.org 
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WORKING LIFE 


By J. Andrew DeWoody and Yssa D. DeWoody 


542 


Our unexpected ride 


ife was on track just as we had planned: two university jobs, with tenure for Andrew and a clear 

path toward a tenure-track position for Yssa (check); the purchase of our first home (check); and 

three beautiful daughters (check). But 3 months after our youngest daughter Marie was born, 

she started to have seizures. After a terrifying ambulance ride and a nerve-wracking week in a 

children’s hospital, Marie was diagnosed with ring chromosome 14 syndrome, an exceedingly rare 
and debilitating condition caused when the 14th chromosome is fused into a ring. Life for our family was 
about to switch tracks, and we were along for the ride but no longer in control. 


Marie’s seizures had no regard for 
class schedules or family time. We 
tried to keep up with our teaching 
duties, but it was difficult to lecture 


head and dean: He’d take a 1-year 
sabbatical at 50% pay while spend- 
ing the other half of his time 
working in an unrelated family 


knowing that our young daughter a Sees business. That way we could give an 
could have a life-threatening sei- LIKI LIDAR in absentia appointment a try. 
zure at any moment. Neither of us LMATAVANANAVVES ZA UZEUZV AN The administrators were under- 
. : SIXD KIKI DXDT PPP : ; 
wanted to give up our academic J\ BoB Reise pelo cD DXISL XD A standably skeptical at first, but 
career—and we didn’t want the NA Soci PeNAKDe DL xed soa i/™~ they agreed to a trial run. The 
other to have to, either. But rigid RN AXPIXE RPP PRD TE aa first year of Andrew’s “sabbatical” 
teaching schedules proved unten- NN ROK XPD PX ANS ultimately proved successful, so 
; MINZNIRDOEBeDD<peO Sa NINA 
able, especially when coupled with RDS “CA EOOOY” GOWN he resigned from the family busi- 
eas LS a 
the other stresses of academic life, PANN ANIONS DAT XP at NN ness and returned full-time to his 
and we needed more flexibility. NVINANZ NARI S|) faculty role—buoyed by the sup- 


The reality was that Andrew was ANA 
tenured, with the associated job 
security, and Yssa had applied math- 
ematics expertise that made her 
more marketable outside academia. 
After discussing our options, we 
decided that Yssa would forgo her 
academic appointment. She _ ob- 
tained a part-time research position in industry, which re- 
quired fewer hours for equivalent pay and allowed her to 
work from home when needed. She also started a nonprofit 
organization for families and researchers interested in ring 
14. Our lives were still complicated—including multiple 
therapy sessions each week plus specialized, expensive child 
care—but it seemed we had found a way forward. 

We made this arrangement work for many years. But as 
our older daughters approached college age, we needed to 
re-evaluate our situation again. They had matured into fan- 
tastic caregivers, and their departure would have a huge 
impact on their sister and on us. Marie’s seizures contin- 
ued unabated, she was hospitalized regularly, and new con- 
cerns were looming as she approached adolescence. Facing 
numerous surgeries and complex long-term care, we strug- 
gled to achieve the elusive work-life balance and needed 
more support than well-meaning friends could offer. 

So, 5 years ago, we moved from Indiana to our native 
Texas, where most of our extended family resides. We de- 
veloped a plan to sell the move to Andrew’s department 
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“When Marie was born our 
smooth, straight ride... 
turned into a roller coaster.” 


port of empathetic students, col- 
leagues, and administrators. He 
spends about 1 week per month 
on campus and continues to teach, 
maintain a research lab, and serve 
on myriad committees. It’s often 
difficult, as Andrew sometimes 
struggles to arrange online access 
to meetings and he misses having colleagues down the 
hall. But so far it has been tenable. 

By helping us find a better work-life balance, the arrange- 
ment has also allowed Yssa to continue her work, which is 
now fully focused on running national and international 
ring 14 nonprofits. Yssa misses many aspects of her prior 
professional life, most of all the students. However, she 
finds intellectual stimulation and reward in working with 
parents and physicians to push medicine forward and help 
families become their own advocates. 

When Marie was born our smooth, straight ride un- 
expectedly turned into a roller coaster, with many joys but 
also with some poignant regrets. Ultimately, though, we 
are fortunate in many ways: wonderful children, a strong 
marriage, and rewarding work aided by a university that 
accommodates our whole family’s needs. 


J. Andrew DeWoody is a professor at Purdue University in 
West Lafayette, Indiana. Yssa D. DeWoody is president and CEO 
of Ringl4 USA and Ring14 International. 
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